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Tests  were  conducted  at  Mach  numbers  of  6,  8,  and  10  on  a  representative 
lifting  bod^/  entry  vehicle  euid  a  Mach  number  of  10  on  a  flat  plate  using 
heated  air  and  other  gases  to  simulate  rocket  exhaust  plumes.  Extensive 
flow  separation  resulting  from  the  plumes  was  observed  on  both  configu¬ 
rations  during  the  test  program  and  the  most  powerful  parameters  which 
affected  plume  induced  separation  incliJded: 

1.  model  shape 

2.  angle  of  attack 

3 .  Reynolds  number 

4.  nozzle  expansion  ratio 

5-  nozzle  total  pressure 

6.  nozzle  gas  temperature  and  specific  heat. 

The  flat  plate  modal  showed  much  less  flow  separation  than  the  delta  plan 
form  at  similar  test  conditions,  however,  serious  problems  in  control 
effectiveness  were  indicated  on .both  models  for  the  aft  mounted  elevon. 
The  data  did  not  correlate  well  with  existing  semi -empirical  correlations 
developed  for  control  surface  induced  separation  and  plume  shape.  New 
semi -empirical  correlations  were  developed  for  predicting  plume  shape  in 
a  region  of  plume  induced  separation  and  for  predicting  the  pressure 
and  the  extent  of  the  separated  region. 
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SECTION  I 
IKTRCDUCTION 

(u)  High  altitude  flight  experience  which  has  been  obtained  to  the  present 
time, has  generally  been  limited  to  non -recoverable  launch  vehicles  and  to 
the  X-15  aircraift  which  used  rocket  engines  to  propel  them  out  of  the 
atmosphere  with  a  minimum  of  aerodynamic  maneuvering.  Flight  test  observa¬ 
tion  particularity  on  the  Saturn  5  (reference  l)  and  limited  wind  tunnel  tests 
(references  2  through  7)  have  indicated  that  the  rocket  plume  can  cause  exten¬ 
sive  flow  separatior  on  the  body  surface  which  can  have  significant  effects 
on  the  aerodynamic  characteristics  of  a  vehicle.  This  has  been  of  small 
Interest  in  the  past  since  the  primary  concern  was  to  keep  the  vehicle  stable 
primarily  with  reaction  or  thrust  vector  control,  during  ascent  out  of  the  atmos 
phere.  However,  vehicles  which  must  be  capable  of  sustained  flight  at  high 
altitude  are  now  being  investigated  and  some  are  at  various  stages  of  pre¬ 
design.  The  vehicles  include: 

a)  lift.Lng  re-entry  vehicles 

b)  recoverable  launch  vehicles 

c)  hypersonic  cruise  vehicles. 

(u)  A  lifting  re-entry  vehicle  may  undertake  high  altitude  aerodynamic  maneuvers 
to  achieve  orbital  plane  changes  (synergetic  maneuvering),  to  reach  a  desired 
landing  site  (cross-range  maneuvering),  or  to  achieve  a  safe  re-entry  from 
sub-orbital  or  orbital  abort.  The  use  of  thrust  is  necessary  to  de-orbit 
and  re-orbit  the  vehicle  after  a  synergetic  plane  change .  Studies  have 
indicated  (reference  8)  that  the  aerocruise  maneuver  which  uses  thrust 
throughout  the  aerodynamic  turn  is  the  best  type  of  synergetic  maneuver. 
Re-entry  cross-range  can  be  extended  by  use  of  an  aerocruise  maneuver. 
Recoverable  launch  vehicles  may  perform  aerocruise  maneuvers  dirring  abort 
to  jettison  the  remaining  fuel  by  burning  with  the  engines  or  may  be 
required  to  reach  a  safe  landing  site.  Thrust  may  also  be  used  on 
abort  to  correct  unfavorable  re-entry  conditions  and  to  avoid  re-entry  heating 
or  load  constraints.  Recoverable  launch  vehicles  must  have  similar  re-entry 
and  abort  capability  as  that  described  for  lifting  re-entry  vehicles  and  thus 
must  have  aerocruise  capability.  The  problems  of  plume  effects  on  stability 
during  launch  are  more  severe  for  these  vehicles  because  of  the  very  large 
weight  penalities  for  small  errors  in  these  vehicles.  Hypersonic  cruise  is 
only  feasible  at  high  altitude  with  an  accompanying  D.arge  plume. 

(u)  Thus  plume-induced  disturbances  can  no  longer  be  ignored  for  vehicles  which 
are  intended  to  maneuver  at  high  altitude.  The  altered  aerodynamic  pressure 
distribution  which  results  from  plume-induced  flow  separation  could  result 
in  significant  looses  in  aerodynamic  lift,  stability,  and  control.  Loss-  of  lift 
could  seriously  reduce  the  performance  potential  of  aerocruise  maneuvers 
while  reductions  in  aerodynamic  stability  and  control  could  have  serious 
effects  on  vehicle  design  necessary  to  perform  these  maneuvers  or  to  insure 
safe  abort  capability. 
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(u)  TMs  report  documents  the  work  accomplished  under  Air  Force  Contract 

F336l5-70-C-iO48  "experimental  Study  of  Exhaust  Plume  Effects"  The  basic 
objectives  Of  this  program  were  to  obtain  test  data  of  rocket  exhaust  plume 
effects  on  a  typical  lifting  re-entry  vehicle  shape  and  on  a  flat  plate,  to 
identify'  the  most  significant  parameters,  and  to  develop  correlation  techniques 
for  plume  effects. 

CU)  The  lifting  body  which  was  used  in  this  study  was  the  FDL-6  shape  hypersonic 
(L/D  >  2.5)  lift  to  drag  vehicles  developed  by  the  Air  Force  Flight  Dyneunics 
Laboratory  a>id  the  data  obtained  from  it  should  be  representative  for  this 
class  of  vehicle.  The  flat  plate  data  was  obuained  to  help  as-iess  the 
three-dimensional  effects.  Little  data  exists  for  the  problem  of  plume  effects 
on  lifting  body  shapes.  Therefore,  this  test  and  that  of  reference  9  on  a 
flat  plate,  represent  exploratory  tests  to  determine  the  magnitude  of  the 
pliime  induced  sepai-ation  on  lifting  body  shapes. 

(U)  The  primary  tests  were  performed  at  nominal  Mach  number  of  10  with  Mach  effects 
tests  at  Ma.ch  numbers  of  6  and  8.  The  test  was  performed  primai'ily  at  a  unit 
Reynolds  number  cf  0.6  x  10^/ft  with  limited  variations  in  Reynolds  number  to 
assess  Reynold  number  effects.  Plume  simulation  was  accomplished  using 
heated  auxiliary  tunnel  air  as  a  "cold  gas"  simulation  through  a  rocket 
nozzle.  The  purpose  of  the  heater  is  to  avoid  problems  of  air  liquification, 
to  provide  better  plume  simulation.  Carbon  dioxide  and  argon  were  also  used 
as  test  gases  to  determine  the  effect  of  exhaust  gas  specific  heat  on  pl\ime 
induced  separation. 

(u)  Nozzle  effects  were  tested  using  three  different  expansion  ratios,  three 
different  exit  angles,  and  two  different  nozzle  sizes  for  a  total  of  six 
different  nozzles.  Nozzle  location  was  a  test  parameter  also  with  two  vertical 
and  three  axial  positions  tested.  A  limited  amount  of  testing  was  also 
accomplished  with  control  deflection  of  a  lower  surface  eleven  on  both  the 
flat  plate  and  lifting  body  ( delta  pleinform) . 

(U)  The  data  obtained  consisted  primarily  of  flat  plate  and  delta  planform  lifting 
body  surface  pressure  measurements.  A  limited  number  of  flow  field  surveys 
were  obtained  above  and  behind  the  delta  planform  and  limited  oil-flow  photo¬ 
graphs  were  obtained  on  both  the  flat  plate  and  the  delta  planform. 

(U)  .Reference  K)  documents  the  analytic  study  which  preceded  this  experimental 
program  arid  on  which  the  test  plans  were  based  while  reference  11  presents 
the  AEDC  test  report  of  the  experimental  phase  of  this  study.  Reference  15 
presents  a  very  interesting  analyses  of  plume  induced  separation  based  on  the 
data  of  reference  9  and  the  data  presented  in  this  report  and  the  author 
recommends  it  to  the  reader  for  further  insight  into  plume  induced  separation. 
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SoCTIOi^'  2 
TEST  FACILITIES 


2.1  TEST  FACILITIES 

Cu)The  ejqjerimeiital  testing;  of  this  proi^rtu:*  was  accomplished  in  tiinnels  B  and 
C  Of  the  von  Karman  Facility  at  AEDC-  These  tunnels  are  closed  circuit 
iiypersonic  tuimels  which  have  axisymmetric  contoured  nozales  with  50  inch 
,  diameter  test  sections.  Tunnel  B  has  Mach  6  and  8  nozzles  while  tvumel  C 
has  Mach  10  and  12  noz.  '.es. 

(u)  Tunnel  E  operates  over  a  stagnation  precsure  range  Of  20  to  3OO  psia  at 

Mach  6  and  50  to  900  psia  at  Mach  8  with  stagnation  temperatures  up  to  1350  R* 
Tunnel  C  operates  over  a  stagnation  pressure  range  of  200  to  2000  psia  with 
a  stagnation  teo^ierature  up  to  19OO  R  at  Mach  10.  Stagnation  temperatures 
sufficient  to  avoid  liquefaction  in  the  test  section  are  obtained  throtigh 
the  use  of  a  natural -gas -force  combustion  heater  in  combination  with  the 
compressor  heat  of  compression  at  Mach  6  and  8  and  in  combination  with 
electric  resistance  heaters  at  Mach  10  and  12.  Each  entire  tunnel  (throat, 
nozzle,  test  section,  and  diffuser)  is  cooled  by  integral,  external  water 
jackets.  Both  tunnels  have  identical  test  sections  equipped  with  model 
injection  systems. 

(u)  Directly  below  each  test  section  is  a  test  section  tank  into  which  the  model 
and  its  support  can  be  retracted.  When  the  model  and  support  are  retracted, 
the  test  section  can  be  sealed  from  its  tank  so  that  the  tunnel  can  remain 
running  while  the  tank  is  vented  to  atmospheric  pressure  in  order  that 
personnel  may  enter  the  tank  to  make  modifications  to  the  model  or  its  support 
system.  After  the  desired  modifications  are  made  and  the  tank  entrance  door 
is  closed,  the  tank  is  vented  to  the  test  section  pressure,  the  doors  between 
the  tank  and  test  section  are  opened,  and  the  model  is  injected  into  the  air 
stream  to  obtain  the  desired  data.  Upon  completion  of  the  data  acquisition, 
the  model  is  retracted  and  the  cycle  completed.  The  injection  system  is  also 
used  for  transient  heat-transfer  tests  in  which  the  model  is  cooled  in  the 
retracted  position,  set  at  the  desired  attitude,  and  injected  into  the  air 
stream  to  obtain  the  time  history  of  the  temperatures  at  various  locations 
on  the  model.  The  minimum  injection  time  is  about  two  seconds  and  the  maximum 
acceleration  or  deceleration  is  about  one  g. 

(U)  Each  test  section  is  equipped  with  six.  fused  quartz  windows.  The  two  on  either, 
side  are  used  for  the  .shadowgraph  or  schlieren  system  and  the  two  on  top  are 
used  for  other  photographic  purposes.  The  viewing  area  of  each  window  is  about 
17.25  lu.  in  diameter. 

(u)  128  pressures  can  be  measured  on  a  model  in  tunnel  B,  112  in  tunnel  C,  with 
available  transducers  nd  pressure  switching  valves. 
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(U)  Each  pair  of  aide  windows  of  each  tunnel  is  equipped  with  a  conventional 
single-pass  schlieren  system  or  parallel-beam  refocused  shadowgraph  system. 
Still  pictures  are  photographed  on  70-fflni  film  using  a  spark  light  source  of 
about  one -microsecond  duration. 

(’j)  Reference  12  presents  a  more  complete  description  of  these  facilities. 

(uj  2.1.1  AUXILIARY  AIR  SUPPLY.  A  high-pressure  air  supply  system  is  provided 
near  the  test  section  of  each  tunnel  with  a  mEOcimum  pressure  of  4000  psia. 

This  supply  was  throttled  to  approximately  1500  psia  and  was  then  passed 
through  an  electric  heater  constructed  for  this  test.  The  heater  was 
capable  of  heating  a  1  pound/sec  mass  flow  to  1100°R.  Supply  pressure  could 
be  increased  to  gOOO  psia  by  bypassing  the  heater  but  the  gas  temperature 
decreased  to  500  R. 

(U)  The  mass  flow  through  the  heater  was  controlled  remotely  from  the  tunnel 
control  room  by  manually  adjusting  a  valve  to  maintain  a  pre-selected  value 
of  nozzle  plenum  pressure  within  the  model.  Because  of  the  manual  operation 
nozzle  plenum  pressure  varied  as  much  as  5/^  on  a  few  runs.  The  temperature 
control  on  the  heater  was  operated  manually  also  but  no  precise  control  was 
attempted  on  .supply  gas  ten^serature. 

(U)  Both  Argon  and  Carbon  dioxide  were  also  used  as  test  gases  during  the  test. 
These  gases  were  supplied  from  a  number  of  small  tanks  which  were  ii»anifolded 
together  ai;d  the  tanks  were  Immersed  in  a  tank  of  heated  water.  The  pre¬ 
heating  of  the  test  gas  was  used  to  prevent  liquefaction  of  the  gas  in  the 
electric  heater  and  to  maintain  the  desired  supply  pressure  into  the  heater. 
The  capacity  of  this  system  was  small  and  only  limited  tests  were  accomplished 
with  the  smallest  nozzle  to  minimize  mass  flow. 

2.2  MODEL  DESCRIPTION 

(U)  The  two  basic  configurations  which  were  tested  included  a  flat  plate  model 
and  a  delta  planform  lifting  body  configuration  which  is  similar  in  shape 
to  the  EDL6  configuration.  The  model  was  designed  and  fabricated  so  that  the 
flat  plate  could  be  mounted  in  place  of  the  lower  surface  of  the  delta  plan- 
form  and  thus  could  use  a  common  support  fixture,  auxiliary  air  supply  line, 
and  nozzle  mounting  assembly.  The  support  fixture  was  fabricated  as  the 
upi^er  surface  of  the  Delta  planform  by  extending  and  thickening  the  vertical 
fin  to  serve  as  blade  sting  adapter  as  is  shown  in  Figure  1  which  presents 
an  asEen±ily  drawing  of  the  delta  planform  configuration. 

(u)  Th-'  model  consisted  of  three  major  parts: 

a)  delta  planform  upper  surface  sting  assembly 

b)  delta  pliuiform  lower  suriace 

c)  flat  plate  assembly 

and  a  f.umber  of  smaller  parts  Including: 
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B.)  exhaust  n&'is.’.es  and  extensions 
b)  elevens  and  brackets 

all  parts  were  fabricated  from  17-4  PH  stainless  steel. 

2.2.1  DELTA  PLAKFORlj  CONFIGURATION.  The  delta  planform  shown  in  Figure  1 
was  derived  from  a  lines  drawiiig  supplied  by  AFFDL,  modified  to  agree  with 
an  alucirfum  model  which  was  used  as  a  contour  pattern  for  the  upper  , 
surface.  The  original  fin  was  modified  as  shown  in  Figure  2  to  give  it  the 
necessary  strength  to  act  as  a  blade  sting  (Figure  3)  and  the  necessary 
internal  volume  to  caxry  the  pi-essure  institiriehtation  tubing  and  thermocouple 
instrumentation  leads  from  the  model  into  the  sting  adapter.  There  was  not 
sufficient  voliime  to  carry  the  auxiliary  air  line  of  desired  diameter  inside 
the  fin  so  that  a  3/4  inch  line  was  carried  on  the  right  side  of  the  fin 
(viewed  from  the  rear  with  the  model  right  side  up)  as  is  shown  in  Figure  4. 

All  of  the  pressure  measui'ements  were  taken  on  the  left  side  (viewed  from 
back,  right  side  up)  to  avoid  interference  effects  from  the  gas  supply.  The 
radius  of  the  leading  edge  of  the  delta  varied  from  0.125  inches  at  the  nose 
of  the  model  to  0.1  inches  at  the  base. 

The  delta  configuration  was  instrumented  with  a  total  of  97  pressure  taps 
and  9  thermocouples  including  those  in  the  nozsle  plenum,  in  the  base  region, 
and  on  the  lower  surface  eleven.  Section  2.2.4  will  detail  the  instrumentation 
locations. 

The  nozzle  plenum  assembly  was  machined  as  an  integral  part  of  the  upper 
surface  assembly  and  had  two  holes  drilled  and  tapped  to  receive  nozzles  or 
extensions  as  is  shown  in  Figure  5*  The  upper  surface  contained  all  of  the 
base  pressure  instrumentation  as  well  as  nozzle  plenum  instrumentation  which 
was  used  on  both  delta  planform  and  flat  plate  tests.  In  addition  this 
assembly  contained  all  upper  surface  pressure  ai.d  thermocouple  instrumentation 
aft  of  model  station  2.9  and  above  model  water  line  0*79  (split  line)  which 
were  disconnected  at  the  sting  adapter  and  not  used  during  the  flat  plate 
tests.  The  flat  plate  assembly  and  delta  bottom  were  attached  to  the  upper 
assembly  by  nine  cap  screws  and  the  mounting  holes  vere  iplastered  over  as  is 
visible  in  Figures  3  and  4. 

The  delta  configuration  has  both  upper  and  lower  surface  elevens  as  shown 
in  Figures  1  aiid  5 •  These  elevens  were  fabricated  out  of  stainless  steel 
and  were  mounted  to  the  body  by  means  of  brackets.  Brackets  were  then 
fabricated  to  obtain  the  desired  deflection  angle. 

The  upper  surface  elevens  were  not  instrumented  and  were  mounted  at  zero 
deflection  oi.ly  for  this  series  of  tests  because  of  the  relatively  low 
inportance  of  these  surfaces  for  hypersonic  trim  and  because  there  were  too 
many  other  variables  to  test,  however,  a  few  pressure  runs  were  made  with 
these  'jlevoris  roiaoved. 

The  lower  surface  e.levon  is  shown  as  a  spilt  surface  on  the  original  drawing 
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for  use  as  a  I'oll  control.  For  this  test  it  was  built  as  a  one  piece 
elevon  so  that  no  roll  control  deflections  could  be  tested.  Brackets  were 
built  so  that  this  control  surface  could  be  set  at  zero  (o)  deflection,  at 
20  degrees  trailing  edge  down  into  the  stream  (  +  20°),  or  at  -X5  degrees 
trailing  up  out  of  the  stream.  The  nozzle  Interfered  with  the  -15°  control 
deflection  a:id  had  to  be  located  in  its  most  elevated  position  in  order  to 
obtain  this  deflection  angle.  Both  the  flat  plate  and  delta  tests  were  con¬ 
ducted  with  the  lower  elevon  at  zero  control  deflection.  A  limited  number 
of  tests  of  the  configurations  were  made  at  *both  +  80*^  and  -15°  elevon. 

(U)  The  elevon  containea  seven  (7)  pressure  taps  and  one  thermocouple  as  instru¬ 
mentation  for  this  test. 

(U)  2.2.2  FLAT  PLATE  COMFIGURATIOM .  The  flat  plate  bottom  Was  20  inches  long 
and  15  inches  vide  and  has  provisions  at  the  trailing  edge  for  mounting  the 
lower  surface  elevon  and  elevon  extensions  as  is  shown  in  Figure  6.  The 
leading  edt'e  radius  chosen  in  the  same  radius  as  on  the  swept  leading  edge 
of  the  delta  bottom  (0.125  inches).  The  flat  plate  had  a  thickness  of  0.79 
inches  and  had  a  15*^  wedge  angle  on  the  side  of  the  plate  from  the  leading 
edge  radius  to  this  thickness  on  the  side  of  the  plate  which  mated  to  the 
delta-upper  surface  support  assembly.  The  flat  plate  was  machined  on  the 
mating  surface  to  provide  the  volume  necessary  for  the  pressure  tubing,  and 
this  machined  area  was  closed  by  a  cover  plate. This  allowed  pressure  taps 
to  be  located  with  few  restrictions  'While  no  cut-outs  of  any  kind  other  then 
elevon  bracket  pads  were  made  in  the  instmimented  svirface  as  is  shown ^4Ln 
Figure  7- 

(u)  The  purpose  of  the  elevon  extensions  was  to  make  the  plate  appear  longer 
without  an  elevon.  This  was  done  because  the  elevon  could  not  be  detached 
from  the  model  without  disconnecting  the  pressure  tubes  and  thermocouple 
which  was  not  desireable  during  the  test.  These  extensions  contained  no 
instrumentation. 

(u)  The  flat  plate  model  contained  a  total  of  82  pressure  taps  and  6  thermocouples 
including  those  in  nozzle  plenum,  base  region,  and  elevon  during  this  test 
series  and  changes  from  the  flat  plate  to  the  delta  bottom  assenibly  called 
for  a  new  tunnel  installation  to  lead  the  tubing  through  the  tunnel  support. 

(U)  2.2.3  EXHAUST  KOZZLES  AlID  EXTEN5I0KS.  A  set  of  six  nozzles  were  fabricated 
for  this  test  with  expansion  ratios  ranging  from  1.0  to  20  with  a  basic 

throat  diameter  (d^  )  of  O.22L5  inches.  However,  early  in  the  first  test 
series  (flat  plate  teat  at  Mach  10)  it  was  decided  that  lai'ger  plumes  were 
needed  and  so  the  basic  throat  diameter  was  increased  to  O.316  Inches  with 
one  sonic  nozzle  kept  at  0.2245  inches.  Thus,  the  geometric  characteristics 
of  the  nozzles  which  were  tested  are  listed  in  table  .1  below: 
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TABLE  I 

NOZZLE  CHARACTERISTICS 

9.. 


t 

L- 

r 

1 _ 

L_ 

j 

Nozzle 

dt,  in. 

dj.  in. 

On.  deg 

.^N.  in. 

A/ A* 

1 

2 

3 

4 

5 

0.2 

0.3 

245 

10 

0.225 

0.478 

1.000 

0.477 

0.476 

0.316 

0 

15 

15 

T-5 

30.0 

0 

1.250 

1.449 

0.468 

0.217 

0,  952 
0.316 

1.0 

2.25 

10.00 

2.25 

2.25 

1.0 

(U)  Tha  sonic  orifices  were  used  because  of  the  ease  of  obtaining  large  plumeB 
with  relatively  low  supply  pressure  and  because  of  the  limit  on  gaie  supply 
pressure  (150O  psia  at  heater). 

(U)  small  sonic  orifice  (noazle  l)  was  retained  to  test  the  effects  of 

nozzle  size  and  to  minimize  the  Argon  and  Carbon  dioxide  mass  flow  require¬ 
ments.  nozzles  2  to  5  are  conical  nozzles  with  a  cylindrical  throat 
section  of  length  approximately  equal  to  throat  diameter.  Nozzle  6  became 
the  basic  nozzle  with  which  most  tests  were  made  for  effects  of  parameters 
other  than  specific  nozzle  parameters.  Nozzle  area  ratio  or  exit  Mach 
number  effects  were  tested  by  comparing  data  with  nozzies  6,  2,  and  3» 
nozzle  exit  angle  using  data  with  nozzles  2,h,  and  5;  nozzle  size  from 
nozzles  1  and  €,  and  exhaust  gas  using  nozzle  1. 

(U)  The  nozzle  plenum  was  drilled  to  receive  nozzles  in  two  vertical  positions 
and  in  addition  two  cylindrical  adapters  were  made  so  that  three  longitudinal 
positions  could  be  tested.  Thus  there  were  6  potential  positions  to  locate 
the  nozzle  to  test  the  effect  of  nozzle  location  of  which  4  were  utilized 
as  shov'n  in  Figure  8.  All  nozzles  were  made  with  a  O.5  inch  diameter 
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passage  connecting  it  to  th«  pi^Luiu^.of  auXficient  length  so  that  they  shared 
a  comcTon  exit  plane  when  mounted  directly  to  the  plenum  or  on  either  extension. 
The  shorter  extension  was  0.625  inches  long  because  this  was  the  minimum 
length  needed  to  accommodate  the  threaded  Joint  and  the  longer  extension 
was  chosen  as  twice  the  length  of  the  shorter.  Figure  9  Shows  nozzle  1 
mounted  in  the  basic  position  on  the  flat  plate  model. 

(u)  2.2.4  INSTRUi'lEiiTATIOi! ■  Tttble  II  presents  the  allocation  Of  instrumentation 
for  the  vai'ious  components  of  this  model  and  Figures  10  to  13  present 
sketches  of  the  locations  of  the  .■jurface  pressure  taps  together  with  the 
associated  thermocouples. 

TABLE  II 

IMSTRUMENTATION  ALLOCATION 


Location 

Pressure 

Thermocouple 

Nozzle  Plenum 

2 

2 

Slevor. 

7 

1 

Base 

k 

0 

Fin 

6 

1 

Flat  Plate 

69 

3 

Delta  Lower  Surface 

51 

3 

Delta  Upper  Surface 

28 

2 

(u)  Figure  10  and  T^iln  HI  show  that  two-thirds  of  the  flat  plate  instrumentation 
has  been  concentrated  aft  of  75^  of  the  plate  length  with  the  rest  essentially 
equally  spaced  over  the  remaining  plate  length.  This  division  was  based  on 
the  assumption  of  the  collapse  of  -fche  separated  area  with  increasing  angle 
of  attack  when  the  surface  is  a  windward  surface.  Instrumentation  was  located 
near  the  loading  edge  because  it  was  expected  that  the  entire  plate  would 
be  affected  when  it  was  a  leeward  surface.  All  taps  (except  3)  were  con¬ 
centrated  on  the  left  side  of  the  model  to  obtain  more  detailed  data  based 
on  symmetry  of  the  model. 

(u)  Figure  il  presents  the  locations  of  the  pressui'e  taps  on  the  bottom 

surface  of  the  delta  planform.  85  percent  of  the  pressure  taps  were  located 
aft  of  the  ra-^ip  and  in  the  same  basic  pattern  as  on  the  flat  plate. 
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':ABLr:  111 

FLAT  PLATE  PlffiSSUHE  LOCATIONS 


TAP 

x/l 

Y/L 

TAP 

X/Ii 

Y/L 

'to 

.9672 

.1 

1 

.0305 

0 

1 

1.025 

.1 

2 

.15 

0 

42 

1.05 

.1 

3 

♦30 

0 

43 

.96T: 

.125 

if 

.45 

0 

44 

.60 

.15 

5 

.60 

0 

45 

.675 

.15 

6 

.675 

0 

46 

.75 

.15 

7 

.75 

0 

47 

.80 

.15 

8 

.80 

0 

48 

.85 

.15 

9 

.85 

0 

49 

.13 

10 

.90 

0 

50 

.925 

.15 

11 

.925 

0 

51 

.95 

.15 

12 

.95 

0 

52 

.9675 

.15 

13 

.9675 

0 

53 

.9675 

.175 

lif 

1.025 

0 

54 

.0305 

.20 

15 

1.05 

0 

55 

.15 

.20 

16 

1.075 

0 

56 

.30 

17 

.60 

.05 

57 

.45 

.20 

18 

.675 

.05 

58 

.60 

.20 

19 

.75 

.05 

59 

.675 

.20 

20 

.80 

.05 

6c 

.75 

.20 

21 

.85 

.05 

61 

.80 

.20 

22 

.90 

.05 

62 

.85 

.20 

23 

.925 

.05 

63 

.90 

.20 

24 

.95 

.05 

64 

.925 

.20 

25 

.9675 

.05 

65 

.95 

.20 

26 

1.025 

.05 

66 

.9675 

.20 

27 

1.05 

.05 

67 

.9675 

.225 

28 

.0305 

.1 

68 

.9675 

.250 

29 

.15 

.1 

69 

.0305 

-.1 

30 

.30 

,1 

70 

.45 

-.1 

31 

.45 

.1 

71 

.9675 

-.1 

32 

,60 

.1 

72 

.70 

0 

33 

.675 

.1 

73 

•  725 

0 

34 

.75 

.1 

74 

.775 

0 

35 

.8c 

.1 

75 

.825 

0 

36 

.85 

.1 

76 

.875 

0 

37 

.90 

.1 

93 

Base 

38 

.925 

.1 

94 

Base 

39 

.95 

.1 

95 

Base 

96 

Nozzle 

98 

Plenum 

99 

Pleniiin 
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(U)  The  test  results  indicate  that  more  taps  should  have  been  located  on  the 
lamp  center lire  and  suriace. 

(U)  The  upper  surface  pressures  were  neasurea  at  twelve  stations  along  the  bcdy 
and  the  taps  were  located  as  is  shown  in  Figure  12.  The  triangular  section 
had  a  tap  on  the  top  centerline,  off  top  centerline,  and  two  on  the  side 
vith  one  locat-.  J  at  model  water  line  0.665  and  one  located  at  the  center  of 
.  the  top  rr;dlus.  Aft  of  the  expansion  corner  (Figure  121a)  the  taps  were 
located  at  model  water  line  2.62,  model  water  line  0.665,  and  at  a  point  half 
the  width  of  the  reai'  deck.  The  taps  along  water  line  0.665  become  leading 
edge  taps  aft  of  model  station  17 •  Figure  13  shows  the  tap  locations  and 
code  numbers  for  upper  surface  and  fin  taps  and  thermocouples  while  table  IV 
gives  the  pressure  tap  locations  for  all  taps  on  the  ielta  planform. 

(U)  Four  (4)  pressure  taps  were  located  in  the  base  region  of  the  configuration 
as  shown  in  Figure  l4  and  were  used  for  base  pressure  measurements  on  both 
the  delta  and  flat  plate  tests. 

(U) 

Two  pressure  taps  were  mounted  in  the  nozzle  plenum,  chamber  in  order  to 
measure  the  total  pressure  supplied  to  the  nozzles.  These  taps  were  cali¬ 
brated  by  surveying  the  nozzle  exit  with  a  total  head  survey  probe  during 
T.ozzle  calibration  runs  performed  prior  to  the  first  tunnel  run  and  before 
the  nozzle  expansion  ratios  were  reduced. 

(u)  Two  thermocouples  were  also  installed  in  the  plenum  to  measure  gas  tempera¬ 
ture  but  were  found  to  be  unreliable  because  they  could  not  be  completely 
shielded  from  the  model.  Thus  the  gas  temperature  used  for  the  data  was 
the  gas  temperature  measured  downstream  of  the  heater. 

(u)  All  pressure  tubes  in  the  model  were  type  321  stainless  steel  with  .03  inch 
O.D.  This  tubing  was  spliced  to  0.093-lnch  O.D.  by  0.0l4-inch  wall  stainless 
steel  tubing  approximately  l8-ft  long  which  connected  to  the  pressure 
measuring  system.  The  thermocouples  were  installed  near  the  selected  pressure 
orifices  by  drilling  small  holes  through  the  model  and  30  gauge  cromel-alianel 
thermocouples  were  threaded  through  to  the  external  surface  where  the  jimction 
was  made. 

(u)  2.2.5  FLOW  SURVEY  RAKE.  Figure  15  presents  a  sketch  of  the  probe  flow 
survey  rake  which  was  furnished  by  AEDC.  The  rake  consisted  of  four  pitot 
probes  and  two  total-temperature  probes.  As  shown  in  Figure  15,  three  of 
the  pitot  probes  were  inclined  20  deg  toward  the  fourth  pitot  probe.  An 
installation  photograph  of  the  survey  rake  supported  above  tne  delta  model 
is  shown  in  Fiigube  4.  The  grid  wire  shown  on  the  tunnel  windows  was  used 
as  a  scaling  reference  for  the  schlieren  data.  The  rake  drive  system  was 
digitized  to  indicate  a  displacement  in  each  of  the  three  coordinate  directions 
X,  y,  ana  z.  In  the  streamwise  direction,  the  rake  could  be  positioned  to 
within  ±  0.01  in.  The  probe  height  above  the  model  surface  was  obtained  by 
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table  IV 

delta  COiNr'IGURATIOM  PRESSURE  TAP  LOCATIONS 


TUp  Nuirber 

Ml 

ILL. 

X/L 

.0305 

0 

4i 

1.025 

.1 

2 

.1515 

0 

42 

1.05 

.1 

3 

.273 

0 

43 

.0305 

.0125 

k 

.434 

0 

44 

.1515 

.035 

> 

.606 

0 

45 

.273 

.0505 

6 

.65 

0 

46 

.394 

.070 

7 

.75 

0 

47 

.4545 

.085 

8 

.80 

0 

48 

.576 

.1075 

9 

.85 

0 

49 

.6365 

.118 

10 

.90 

0 

50 

.697 

.129 

11 

.925 

0 

51 

.7575 

.l40 

12 

.95 

0 

52 

.818 

.149 

13 

.9685 

0 

53 

.879 

.16 

14 

1.025 

0 

54 

.9395 

.17 

15 

1.05 

0 

55 

.273 

-.0505 

16 

1.075 

0 

56 

.6365 

-.118 

17 

.606 

.05 

57 

0 

0 

18 

.65 

.05 

58 

.0305 

0 

19 

.75 

.05 

59 

.1515 

.035 

20 

.576 

0 

60 

.1515 

.015 

21 

.85 

.05 

61 

.1515 

0 

22 

.364 

0 

62 

.273 

.0505 

23 

.454 

.05 

63 

.273 

.0251 

24 

.85 

.05 

64 

.273 

0 

25 

.yo85 

.05 

65 

.394 

.070 

26 

1.025 

.05 

66 

.394 

.034 

27 

1.05 

.05 

67 

.394 

0 

28 

.65 

-.05 

68 

.4545 

.085 

29 

.85 

-.05 

69 

.4545 

.0425 

30 

.75 

.1275 

70 

.4545 

0 

31 

.85 

.135 

71 

.576 

.1075 

32 

.606 

.1 

72 

.576 

.051 

33 

.65 

.1 

73 

.576 

0 

3^ 

.75 

.1 

74 

.6365 

.118 

35 

.95 

.1425 

75 

.6365 

.052 

36 

.85 

.1 

76 

.6375 

0 

37 

.576 

0 

77 

.697 

.1175 

38 

.70 

0 

78 

.697 

.054 

39 

.95 

.1 

79 

.7575 

.115 

40 

.9685 

.1 

60 

.7575 

.047 
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ffASLE  IV 

DELTA  COI'IFIGURATION  PRESSURE  TAP  LOCATIONS  (cont'd) 


Itp  Number 

51 

.7575 

0 

82 

.818 

.115 

83 

.818 

.04 

84 

.818 

.02 

85 

.879 

.112 

86 

.879 

.035 

37 

.879 

.02 

88 

.9395 

.11 

89 

.9395 

.03 

90 

.9395 

.02 

91 

1.00 

.02 

92 

1.055 

.02 

93 

Bese 

94 

Base 

95 

Base 

96 

Noz-zle 

97 

Plenum 

98 

Plenum 
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cicnitoriii-  the  in  iijicht  fi-om  a  petition  where  the  lower  pitot  probe 

made  eiectrioai  contact  with  the  aoaol.  It  is  estimated  that  the  electrically 
■vie te rmii.c d  pitot  px-obe  eor.tact  point  was  hnown  to  within  ±  0.001  in.  The 
inereaental  cha:.p:.e  i::  position  of  the  probes  above  the  model  surface  were 
kx.o'w;:.  to  within  r  0.001  ^n.,  xuid  the  lateral  or  y  displacement  was  known  to 
within  ^  0.025  in. 

(b'}  The  flow-field  surveys  wer-;  .aad'^  nOx*!ics.i  to  either  the  nQn2lc  axis  in  the  jet 
plirce  region  or  normal  to  the  ai't  portion  of  the  model  surface  in  the  region 
upetreen  -of  the  model  trailing  edi;e. 

2 . 3  TdST  Ilf'il-!ARY 

(U)  A  total  of  200  hours  of  tuiir.el  occup'cxcy  in  tunnels  B  aj'id  C  were  used  to  per- 
foxm;  this  t-oct  pi-ogra;:,  during  which  the  following  data  were  obtained: 

a)  360  sui'face  pressux'e  .'ilstnibutions 

b)  5  nozzle  calibration  rujis 

c)  19  flow  field  surveys 

d)  5^  oil  flow  ruin'. 

e)  lOb  Schlieroi.  .-unG 

f)  5  .'ioiograph  rvins 

(U)  Schiieren  data  was  taker,  with  each  pressure  distribution  and  the  104  Schlieren 
runs  wex'e  separate  runs  made  at  the  end  of  the  test  in  combination  with  the 
oil  flow  runs  tci  obtain  data  missed  earlier  in  the  pi’Ogram  because  of  a 
different  sting  adapter  on  some  ruiis  and  to  tx-y  to  obtain  better  visuiaiisatiou 
on  other  runs.  Tlie  holograph  lunr.  made  on  a  row  priority  basis  a'l  to  see 
whether  flow  field  d.riiSity  data  could  be  derived  for  the  separatee  flow 
region.  This  holographic  data  is  not  presented  in  thi.'  report. 

(li)  Fifty  seven  (57)  pressure  ihiiis  were  obtained  at  a  nominal  Mach  number  of  6; 
sixty  six  (66)  pressure  runs  were  obtained  at  a  nominal  I'lach  number  of  8; 
and  ail  the  I'est  of  the  data  was  obtained  at  a  nominal  Mach  n-uniber  of  10. 

The  pris.ary  geometry  variatios.s  'Were  betw-een  the  delta  planform  which  vras 
tester  v.t  all  conditions  and  the  flat  plate  model  -which  wa.s  tested  only  at 
a  ilach  number  of  10. 

(U)  2.3  •!  PR.sS^HRE  TESTc  . :U?'S-iA.RY ■  Jiinety  one  (91)  pressure  runs  were  made 
on  the  flat  plate  configuratior.  at  a  nominal  Mach  number  of  10  and  are 
simsmarised  in  table  V^wbere  nozzle  code  is  given  in  table  1  and  nozzle 
position  code  is  dcfii';ed  ir.  Figure  8,  The  flat  plate  tests  were  conducted 
pr-;;cirlly  at  a  unit  Hey  no  less  number  of  O.5  x  ,  10°/ ft  with  Reynolds  number 
pc-rt-urbations' from  0,25  -<■  10°/ft  to  O.89  x  10°/ft.  The  aiigle  of  attack  ranged 
from  -10°  to  15°  but  the  majority  of  rui.s  were  made  at  0  EUid  10°.  Tables  VI 
to  Vm  summarize  the  aelLo.  configuration  tests  at  Mach  10,  8,  a;id  6  respectively. 
'The  values  of  unit  H.eynolds  iiuirber  tu.d  Jet  static  pressure  ratio  (P,/P^  )  listed 
in  th-.'se  tables  are  ;';omir.al  values  used  to  illustrate  the  v.ariation'-^of  parameters 
■icnie'/'j  '  ii:  the  test. 
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>, -U'iy  test  rui.s  were  at  aiie'les  af  attack  from  0^  to  26.5°  but  the  sting 

adapter  was  later  changed  .'uid  the  ajigle  of  attack  range  was  changed  to  -2  to 
This  change  was  to  improve  fchlie-ren  viewing  of  the  model  at  low 

angles  and  because  most  tests  were  performed  r.t  angles  of  attack  of  0°  and  10°. 
Mach  8  -c.a  6  tests  wer-c  essertially  similar  to  the  Mach  10  tests  except  that 
the  higl.est  U.ait  H,y;.ol.ic  n-uitbcr  tested  (2.6  x  10°,  ft)  was  performed  at  Mach 
d  a;.a  that  the  desired  test  condition  at  .'-lach  6  was  missed  eo  that  most  Mach 
6  lata  v-cre  obtained  a  unit  ncynoids  ntstlc-r  of  0.6  x  io6''ft.  Only  one 
nevr.oiiis  number  variation  was  tested  at  Mich  6.  Angle  of  attack  at  both  Mach 
6  and  3  vari'rd  from  O'-*  to  15°  with  most  data  obtained  at  0°  and  10°. 

The  Jet  procoure  ratios  testel  far  exceed  any  that  would  be  attained  with  an 

actual  rocket  engine  but  were  used  to  obtain  lai-ge  plumes  to  generalize  the 

resu-its  since  it  was  believed  that  the  separation  data  should  be  related  with 

I'lutse  size  rather  tha;.  e.ngine  T:)'ararietei‘s . 

Luritig  the  flow  survey  tests,  two  sets  of  centerline  pressures  were  obtained 
usi.-ig  disks  to  represent  a  pluito. 

2.3.2  OIL  FLo'.v  OUMMAm.Y.  dlygo  oil  was  used  for  a  limited  set  of  flow 
visualization  runs  which  are  sumnarizea  in  table  9-  One  special  oil  flow 
rtun  was  made  using  dual  nozzles  instead  of  one  to  determine  the  effect  on 
the  separation  pattern. 
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"1  ^ 

.Oy 

0 

o'-*l5‘’ 

c.ir 

* 

0 

0  &  10 

air 

.S 

0 

-  lciv+15 

c 

4  ) 

0 

0  &  +10 

.89 

1000 

-10 -.+15 

air 

■ 

tooo 

0—10 

air 

.50 

16000 

0  -*10 

air 

.5 

8000 

0  “*  10 

“2 

.5 

16000 

0 

.5 

8000 

0  &  10 

Argon 

.5 

Uooo 

0  &  10 

air 

.5 

8000 

0—10 

air 

.5 

12000 

0  &  10 

air 

.5 

1000 

0  S:  10 

air 

.5 

120c 

0  &  10 

air 

.5 

4000 

0  &  10 

air 

C 

8000 

0  8:  10 

air 

.5 

8OCO 

0  &  10 

air 

.89 

4000 

0 

air 

.89 

1000 

0 

air 

.89 

8000 

0  &  10 

air 

.22 

8000 

0  &  10 

air 

.5 

2000 

-10-5 

air 

.5 

4000 

-10—10 

air 

.5 

8000 

-10-15 

air 

.5 

16000 

-10—15 

air 

.5 

34000 

0 

air 

r 

.  ^ 

69000 

0 

air 

.9 

89000 

0 

air 

.9 

6000 

0  &  10 

air 

.5 

16000 

0  &  10 

air 

.5 

16000 

0 

air 

.5 

16000 

0  &  10 

air 

.5 

16000 

0  8:  10 

air 

.5 

16000 

0  &  10 

air 

.5 

16000 

0  &  10 

air 

Extensions  on 
Extensions  on 
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TABLE  VI 


DilLTA 

COi.TIG 

UilATIOIJ  PREESUrvE 

TKGT  PARAMPrxiiNS  AT  NACH  10 

POSITIOM 

^>0 

K  X  xO”^/ft 

Pj/p. 

ex 

GAS  OTHER 

- 

0" 

.39 

0 

0  —10° 

- 

0 

0 

0  —  20 

- 

0 

.5 

0 

0—  26.5 

- 

--5o 

.5 

0 

0  —  15 

- 

+20 

.5 

0 

0  r*  20 

1 

0 

-5 

16000 

0  —  15 

air 

i 

0 

c 

63000 

0  — 15 

air 

1 

c 

.5 

3000 

0-  5 

co„ 

- 

0 

-5 

16000 

0-5 

co^ 

i 

0 

.5 

3000 

0  —  2.5 

Argon 

1 

0 

.39 

6000 

0  —  10 

Air 

1 

0 

.  4Ui:_ 

4000 

0—10 

air 

1 

0 

.5 

1000 

0—10 

air 

1 

0 

.5 

4000 

0-15 

air 

i 

0 

.5 

3000 

0  —  15 

air 

1 

0 

-5 

13000 

0  S:  10 

air 

1 

0 

.5 

1000 

0-10 

air 

1 

0 

•  5 

4000 

0—10 

air 

0 

.5 

3000 

0—10 

air 

I 

.5 

4000 

0-15 

air 

i 

0 

.5 

8000 

0—10 

air 

i 

0 

.22 

8000 

0  —  10 

air 

2 

0 

.22 

16000 

0—10 

air 

A 

0 

.22 

16000 

0  —  10 

air 

a. 

0 

.89 

3000 

0-15 

air 

1 

0 

.89 

16000 

0-10 

air 

1 

0 

•  5 

2000 

0—15 

air 

1 

0 

.5 

4000 

0  —  15 

air 

1 

0 

•  5 

3000 

0—15 

air 

1 

0 

C 

16000 

-2  —  26.5 

air 

X 

0 

•  5 

22000 

0 

air 

■) 

0 

.5 

34000 

0 

air 

l_ 

0 

.5 

68000 

0—20 

air 

1 

0 

.5 

89000 

0 

cold 

air 

X 

0 

.5 

89000 

0-20 

air 

2 

0 

.5 

16000 

0—10 

air 

3 

0 

.5 

16000 

0—10 

air 

h 

0 

.5 

16000 

0  —  10 

air 

U 

-15"^ 

•  5 

16000 

0—20 

air 

1 

+20 

.5 

16000 

0—10 

air 

0 

.5 

16 

16000 

0-10 

air  upper  elevens 

off 
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VII 


rc.NFIGURATlOj:  PKESSU-dr;  TEST  PAR^^'ETERS  AT  MACH  8. 


PCSITlOiS 


1 

1 

i 

1 

1 

1 

1 

X 

1 

i 

1 

1 

i 

1 

I 

1 

1 

1 

2 
3 
h 
h 
i 


6e 

0" 

-15 

+20 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-15 

+20 


H  X  10  ft 


.55 

.55 

.55 

.25 


.55 

.55 

.55 

.55 

.55 

.55 

.55 

.55 

.55 

.25 

2.L 

•  55 

•  55 
.25 

2.k 

.55 

.55 

.55 

.55 

.55 

.55 

.55 


+/  « 

a 

GAS 

0 

0 

0  — 15 

0 

0  8s  10 

Q 

0  &  5 

0 

0  &  5 

0 

0  &  10 

8000 

0  &  5 

air 

l6ooo 

0 

air 

8000 

0-^  5 

l6ooo 

5 

COg 

8000 

0  8s  2.5 

Argon 

ilOOO 

0  8s  10 

air 

1000 

0  8s  10 

air 

1000 

0  8s  10 

air 

1000 

0 

air 

1000 

0—15 

air 

1000 

0  8s  5 

air 

1000 

0—10 

air 

7000 

0  8s  10 

air 

8000 

0—15 

air 

3000 

0  Ss  5 

air 

8000 

0  8s  10 

air 

16000 

0  8s  10 

air 

32000 

0  —  15 

air 

8000 

0  &  10 

air 

8000 

0  ?s  10 

air 

8000 

0—10 

air 

8000 

0  8s  10 

air 

8000 

0  8s  5 

air 
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A  XTrlGUFATlON  PAl\AhffiTEHS  TESTED  AT  MACH  6 
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"o 

0°-  15° 
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•  37 

0 
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0 
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0 
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0 
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0  —  15 

Air 

c 

.66 

15000 

0 

0 

.66 
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0 

00^ 

0 

.66 
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0 

Argon 

0 

.66 

3800 

0 

Argon 

0 

.66 

3800 

0  8c  10 

Air 

0 

.66 

3S00 

0  &  10 

Air 

0 

.66 

3800 

0  8c  10 

Air 

> 

.66 

2000 

0  8c  5 

Air 

0 

.66 

3500 

0  8c  5 

Air 

0 

-37 

3500 

0 

Air 

0 

.66 

7000 

0  15 

Air 

0 

•  3T 

7000 

0  8:  5 

Air 

G 

.66 

8000 

0 
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0 

.66 

7000 

0-15 

Air 

G 

-37 

7000 

0  8c  5 

Air 

0 

.66 

8000 

0 

Air 

0 

.66 
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0—10 

Air 

0 

.66 
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0-15 
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0 

.66 

7000 

0  8c  10 
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0 

.66 
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0  &  10 
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0 

.66 

7000 

0—10 
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-15 

.66 

7000 

0  &  10 
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.66 

7000 

0  &  5 
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TABLE  IX 

OIL  FLOW  VISUALIZATION  AT  MACH  10 


COKFIG'L'ATION  NOZELE 

fiar  plate  6 

6 
6 
6 
6 


Delta 


2 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 


POEITIOI. 

R  xlO‘^/ft 

G 

p/p. 

a  GAS  OTHER 

1 

O'" 

.5 

8500 

0*  air 

1 

0 

•  5 

17000 

0  &  5  s-ii" 

1 

0 

.5 

34000 

0  air 

i 

0 

.5 

68000 

0  air 

0 

.5 

17000 

0  air  Extensions 

1 

0 

•  5 

17000 

0  air 

T_ 

0 

.5 

8500 

0  air 

+20 

.5 

0 

0-15 

1 

I. 

0 

.5 

17000 

0  &  10  air 

0 

.5 

1000 

0  air 

1 

0 

•  5 

4500 

0  S:  10  air 

1 

0 

-5 

8500 

0  &  10  air 

1 

0 

.5 

13000 

0  &  10  air 

1 

0 

.5 

4500 

5  air 

1 

0 

.5 

8500 

0  air 

1 

0 

.5 

2000 

0  8t  2.5  air 

1 

0 

.5 

4500 

0  air 

1 

0 

.5 

8500 

0  air 

1 

0 

.5 

1700 

0—15  air 

1 

0 

.5 

34000 

0  air 

1. 

0 

.5 

89000 

0  air 

3_ 

0 

.89 

8500 

0  &  5  air 

,1. 

0 

.89 

17000 

0  &  5  air 

2 

0 

.5 

17000 

0  air 

3 

0 

.5 

17000 

0  air 

4 

-15 

.5 

17000 

0—15  air 

1 

+20 

•  5 

17000 

0  —  10  air 

0 

.5 

0 

0  large  disk 
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:  .  3.3  FliJLD  ^'UHV:3Y3.  Flow  field  sui’v^ys  were  made  on  four  eonfigura- 

OL-  .-how;,  in  table  10.  The  disks  were  sized  to  be  as  lar.^e  as  the 
point  where  the  sepai'ated  flow  attached  itself  to  the  plume  for  the  P  j/Pas  * 
■330c  care  with  nozzle  6  and  the  surveys  were  ?nade  to  compare  the  aepahation 
region  which  reru,lted  from  the  pl'jEie. 

d.h  DATA  ACCUK/.ry 

Tatle  Xi  presents  on  estimate  of  da.,.,  accui'acy  for  these  tests  tE^ken  from 
refere.nce  11  and  wh.ich  appears  t-  be  correct  for  this  basic  data  as  recorded 


FLb.-  FIZLD  .■UFA'h’Y  DATA  CDTAINED  AT  MCli  10 


:;oziLE 

LOCATIOt; 

6,. 

xio 

','ft  p^/p® 

GAS 

SURVEY  LOCATION 

X  FdOM  NOSE  INCHES 

- 

. 

a 

0 

.5 

0 

15.29 

- 

- 

0 

.5 

0 

- 

18.1+9 

- 

- 

0 

.5 

0 

- 

21.69 

6 

X 

0 

.5 

a500 

12  ..09 

6 

1 

0 

.5 

8500 

air 

15.29 

6 

1 

0 

.5 

8300 

air 

21.69 

6 

1 

0 

.5 

8300 

ail' 

22.0 

0 

i 

0 

.5 

17^00 

air 

8.89 

0 

1 

0 

.!3 

17000 

air 

12.09 

6 

1 

0 

.5 

170<10 

air 

15.29 

6 

1. 

0 

.5 

17000 

air 

21,69 

0 

T 

0 

.5 

17000 

air 

22.0 

t" 

c 

1 

0 

.5 

17000 

air 

22.32 

6 

1 

0 

.5 

17000 

air 

22. 9^^ 

0 

.5 

3500 

air 

12.09 

X 

0 

,  ) 

8500 

all’ 

18.49 

cl 

0 

.5 

8500 

air 

21.69 

0 

0 

.5 

8500 

air 

22.0 

2 

1 

0 

.5 

8500 

air 

22.94 

Jcaai 

Dick 

0 

.5 

- 

- 

15.29 

0 

-5 

- 

- 

18.49 

Large 

0 

•5 

- 

- 

15.29 

" 

0 

.5 

- 

- 

18.49 
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TABbt  XI 

i'GTBlATRD  COJ.LPUTRD  DATA 

ACCUR-ICY 

Estimated 

Uncertainty, 

Parameter  * 

percent 

Mach  number.  M^, 

±0.5 

Reynolds  nijnber  per  foot.  Re/ft 

±2.35 

Model  surface  pressure  ratio,  p/Pa> 

±3.8 

Nozzle  chaimber  pressure  ratio,  Poj/Po 

±3.8 

Pitot  probe  pressure  ratio,  Pz/Po^ 

±1.4 

Velocity  ratio,  U/U,^, 

±0. 9  to  1. 7 

Density  ratio,  p/p^ 

±2.  1 

*  (froni  reference  11) 


The  pressure  data  was  used  to  obtain  two  basic  separation  parameters  for  which 
^  the  error  depends  on  the  snaciut-  of  the  press^ore  points  and  consequently  have 
a  treater  error.  The  ;:chlieren  data  was  reduced  to  obtain  various  plume 
parameters  and  because  of  the  small  scale  of  the  pictures  ^d  the 
poo-  contrast  of  the  separated  region  the  error  is  fairly  large.  Thus  table 
12  presents  estimates  of  th.-  'uricertainty  of  these  parameters. 


T.A3Li;  XII 

EGTIWTEh  Pt’DUCED 
DATA  ACCURACY 

Uncertainty 

Percent 


3.,-p.'iration  location  x/l 

Fi’ce  interaction  length  dg/L 

Plateau  pressure 

Piu:.-ie  initial  radius  ri/ju 

All  measured  angles  from  uicturen 


±  2.5 
±  2.5 

±  k 
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SECTION  3 
TEST  RESULTS 


3.1  PLAT  PLATE  DATA 

(u)  The  flat  plate  was  tested  only  at  a  nominal  Mach  number  of  10  in  AEDC  tunnel 
C  and  was  the  first  configuration  tested  in  the  chronology  of  this  series  of 
tests.  The  test  results  will  be  presented  basically  using  the  centerline 
.pressure  distribution  to  illustrate  the  effects  of  the  major  test  parameters 
and  then  the  spanwise  distributions  will  be  discussed.  All  of  the  pressure 
data  which  will  be  shown  will-be  plotted  as  the  ratio  of  local  pressure  to 
tunnel  ambient  pressirre  (P/Poo  ).  The  plume  data  shown  on  the  plots  will  be 
presented  as  Jet  exit  static  press\are  ratioed  to  tunnel  ambient  pressure 
(PVPco  )  and  the  Reynolds  number  as  the  \init  Reynolds  number  x  10 '^/ft.  The 
axial  location  (X/L),  where  the  pl\me  induced  pressure  disturbance  starts,  is 

arbitrarily  called  the  separation  point  in  the  discussion  which  follows  for 
convenience.  The  author  realizes  that  the  actual  flow  separation  occurs  8.ft 
of  this  point. 

(U)  3.1.1  FLAT  PLATE  CENTERLINE  PRESSURE  DATA.  Figure  16  presents  the  centerline 
pressure  distribution  on  the  flat  plate  model  as  a  function  of  angle  of 
attack  with  no  exhaust  plume.  This  figure  shows  a  strong  decay  in  pressure 
from  the  leading  edge  which  results  in  the  zero  angle  of  attack  data  never 
reachinc  ambient  pressure  even  at  the  trailing  edge  of  the  elevon.  The  leading 
edge  diameter  number  is  0.25  inches  (d/L  =  .0125)  and  this  strong  pressure 
gradient  was  not  expected  to  persist  so  far  downstream.  The  pressure  gradient 
is  evident  at  all  angles  of  attack  shown  on  this  plot.  Figure  17  shows 

little  effect  of  Reynolds  numbers  tested  on  the  basic  pressure  distribution 
at  zero  angle  of  attack. 

(u)  The  effect  of  Increasing  Jet  pressure  ratio  at  zero  angle  of  attack  for  the 
largest  sonic  orifice  (nozzle  6)  located  in  the  basic  position  (position  1 
on  Figure  8)  is  shown  in  Figure  I8.  The  pressure  rise  caused  by  the  plume 
starts  on  the  elevon  and  moves  forward  onto  the  plate  as  jet  pressure  ratio 
is  increased.  A  plateau  in  the  plume  induced  pressure  rise  appears  when  the 
separation  point  moves  forward  to  about  90^  of  body  length  while  at  the 
same  time  a  pressure  peak  appears  in  the  elevon.  Increasing  pressure  ratio 
beyond  this  causes  the  separation  point  to  move  forward  and  both  the  plateau 
and  peak  pressures  to  increase.  The  pressure  peak  is  probably  due  to  plume 
flow  recirculating  into  the  separated  region  and  onto  the  plate.  Figure  19 
presents  oil  flow  visualizations  of  increasing  pressure  ratio  at  zero 
angle  of  attack  which  shows  a  clean  spot  on  the  elevon  and  the  flow  forward 
and  outward  from  this  region  of  peak  pressiure.  The  separation  point  moves 
forward  near  the  edges  of  the  p].ate  due  to  edge  effects.  Figures  20  to  22 
show  the  effect  of  positive  angle  of  attack  on  the  plume  induced  separation. 
Positive  angle  of  attack  exposes  the  flat  plate  as  a  windward  surface  and 
this  causes  the  separation  to  move. aft  very  rapidly,  however,  separation 
still  occurs  on  the  elevon  at  10  degrees  angle  of  attack  (Figure  2l)  and  at 
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15  (Figure  22).  Negative  eingles  of  attack  are  shown  in  Figures  23  and 
2k  which  show  much  the  same  trends  as  the  zero  angle  of  attack  data  with 
the  appearance  of  a  plateau  and  a  pressure  peak  on  the  eleven.  The  plateau 
occurs  at  a  more  lower  Jet  pressure  ratio  at  -5°  (figure  23)  than  at  0° 

(Figure  18)  hut  the  plateau  pressure  rise  appears  to  be  much  smaller.  The 
plateau  pressure  at  a  -10°  is  slightly  above  ambient  pressure  and  extends 
not  much  further  forward  then  that  of  -5°.  These  data  trends  indicate  that 
the  effect  on  leeward  surfaces  should  diminish  with  increasing  angle  of 
attack. 

(U)  Figure  25  shows  the  effect  of  increasing  Jet  pressure  ratio  of  the  2.25 

e:q)ansion  ratio  nozzle  (nozzle  2,  position  l)  indicating  more  separation  than 
that  of  the  sonic  orifice  of  Figure  I8,  when  compared  at  the  same  Jet  exit  static 
pressure  ratio  (P./Poo  ) •  This  is  confirmed  by  the  comparison  of  oil  flows  of 
Figure  26.  The  plateau  pressures  on  Figure  25  appear  to  be  close  to  those  of 
Figure  18  for  data  with  the  same  separation  point,  implying  that  sepaiation 
plateau  pressure  is  more  related  to  separation  point  than  to  nozzle  Jet  pressvire 
ratio . 

(U)  Nozzle  3  data  (A/A*  ■  lO),  shown  in  Figure  27  for  position  1,  further  indicates 
that  increasing  expansion  ratio  increases  separation  when  compared  on  a  Jet  exit 
pressure  ratio  basis  because  the  separation  shown  here  is  nearly  that  of  nozzle  2 
at  a  pressure  ratio  of  4000  (Figure  25).  It  takes  a  much  higher  total 
pressure  to  achieve  the  same  Jet  exit  pressure  ratio  with  nozzle  3  because 
of  the  higher  e^qsansion  ratio  compared  to  the  other  nozzles  and  an  exit 
Jet  pressure  ratio  of  1200  was  the  maximum  attainable  with  this  nozzle. 

Figure  28  shows  that  if  nozzles  2  and  3  are  compared  on  the  basis  of  nozzle 
total  pressui’e  ratio  (P  VPoo)  that  the  higher  ej<pansion  ratio  nozzle  shows 
much  less  separation.  Thus  the  effect  of  e3q)ansion  ratio  depends  on  which 
pressxire  ratio  is  chosen  as  the  basis  for  comparison. 

(U)  The  effect  of  nozzle  size  is  shown  by  Figure  29  showing  a  comparison 

of  the  data  from  nozzles  1  and  6  which  are  sonic  orifices  and  nozzle  6  has 
twice  the  throat  area  of  nozzle  1.  Nozzle  1  shows  less  separation,  partly 
due  to  the  Jet  pressure  ratio  difference  of  the  test  condition  and  corresponds 
roughly  to  the  separation  caused  by  the  larger  nozzle  with  a  Jet  pressure 
ratio  of  8OOO  (Figure  18).  Thus  it  appears  that  exit  area  or  radius  is  an 
important  plume  separation  parameter. 

(u)  The  effect  of  nozzle  exit  angle  on  flat  plate  centerline  pressures  for  the 

nozzles  with  an  expansion  ratio  of  2.25  is  shown  on  Figure  3O.  The  separation 
point  moves  forward  with  increasing  nozzle  exit  angle  in  almost  a  linear 
manner  and  the  separation  location  for  the  30°  nozzle  is  almost  at  the  same 
point  for  the  15°  nozzle  with  a  jet  pressure  ratio  of  I3OOO  (Figure  25).  The 
plateau  pressure  rises  as  the  separation  point  moves  forward  but  again  the 
plateau  pressupe  corresponds  very  well  with  that  of  both  nozzle  6  (Figure  I8) 
and  nozzle  2  (Figure  25)  considering  comparable  separation  points,  reinforcing 
the  opinion  that  plateau  pressure  is  more  related  to  separation  point  than  to 
to  nozzle  parameters. 
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(u)  The  effect  of  nozzle  position  is  shown  in  Figure  3I  where  data  for  three 

axial  positions  and  two  vertical  positions  is  presented.  The  axial  position 
shift  increments  are  not  large  (  .031^  )  t)ut  there  is  a  significant  rear¬ 
ward  movement  of  the  separation  point  for  the  most  aft  case  (.o62L)*  The 
separation  point  conesponds  to  that  for  this  nozzle  in  the  basic  position 
with  a  Jet  pressure  ratio  of  about  8OOO.  The  effect  is  non-linear  since  the 
data  with  the  nozzle  at  the  midpoint  of  axial  travel  shows  very  little 
difference  with  the  basic  position.  A  vertical  shift  of  .O72L  appears  to  cause 
little  change  in  the  separation  point  also.  Thus  small  shifts  in  nozzle  loca¬ 
tion  do  not  appear  to  exert  much  change  on  plume  induced  separation  at  least 
for  the  limited  case  tested  on  the  flat  plate  model. 

(u)  Figure  32  presents  the  effect  of  exhaust  gas  specific  heat  variation  on 
plume  induced  separation  by  presenting  data  obtained  when  carbon  dioxide 
{y  =  1.29)  and  Argon  (  v  =  1.66)  were  used  as  test  gases.  This  data  shows 
a  large  difference  in  the  separation  point  caused  by  the  different  gases 
and  the  carbon  dioxide  data  corresponds  very  well  with  that  for  air  from  the 
same  nozzle  (nozzle  l)  at  a  jet  pressure  ratio  of  15OOO  as  shown  in  Figure  29- 
The  plateau  pressure  for  this  CO^  run  corresponds  very  well  with  the  plateau 

pressure  of  other  figures  with  the  same  separabion  point  further  confirming 
that  plateau  pressure  depends  on  separation  point  and  not  on  nozzle  parameters. 

(u)  Figure  33  presents  a  comparison  of  data  at  three  Reynolds  numbers  for  the 
flat  plate  at  zero  angle  of  attack  with  nozzle  6  and  a  jet  pressure  ratio  of 
8500.  These  data  show  very  little  difference  between  the  data  of  the  low  and 
intermediate  Reynolds  numbers  but  a  reduction  of  the  separation  area  at  the 
highest  Reynolds  number.  Figure  3^  presents  data  with  the  elevon  extensions 
on  and  off.  No  effect  on  centerline  pressure  is  evident  and  the  oil  flows  of 
Figure  35  show  that  there  is  very  little  effect  anywhere  on  the  plate. 

(U)  The  effect  of  control  deflection  is  shown  In  Figures  36  and  37  where  Figure  36 
shows  the  control  deflected  15°  out  of  the  stream  (-15°)  and  Figure  37  shows 
the  control  deflected  20°  into  the  stream.  Figure  36  shows  that  the  plume 
induced  separation  is  not  affected  by  the  negative  control  deflection  since 
the  elevon  has  the  same  plateau  pressure  acting  on  it  as  it  did  at  zero 
deflection. 

(u)  The  elevon  controls  ai-e  usually  deflected  up  out  of  the  stream  to  increase 
angle  of  attack  but  the  figure  shows  that  this  cannot  be  done  in  the  presence 
of  plume  Induced  separation  and  this  could  be  a  serious  problem  if  similar 
results  are  obtained  on  the  delta  configuration.  Figure  37  shows  just  the 
opposite  for  the  compression  corner  case  in  that  control  induced  separation 
predominates  and  that  the  plume  effects  are  negligible. 

(U)  3.1.2  FLAT  PLATE  SPAIIWISE  PRr:SSURi':  DISTRIBUTION.  The  oil  flow  visualizations 
shown  in  Figures  26  and  35  iiidicated  the  separation  location  is  the  same  across 
the  span  of  the  model  except  in  the  regions  of  edge  effect  and  we  will  now 
■xamlne  the  pressure  data  to  see  if  it  agrees  with  this  observation. 
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(U)  Figures  38  through  Mj-  present  pressure  distributions  on  one  half  the  flat 
plate  for  the  largest  sonic  nozzle  (nozzle  6)  in  nozzle  position  1  in  order 
of  increasing  Jet  pressure  ratio.  Figure  38  shows  the  plate  centerline  is 
the  X/L  accis  and  that  the  plate  is  .75  L  wide.  The  area  of  the  plate  shown 
is  concentrated  where  the  main  sets  ojt  pressure  taps  were  located  on  the 
plate  and  eleven.  The  pressure  data  were  slotted  and  connected  by  straight 
line  segments  along  lines  of  constant  spanwise  location  (Y/L)  and  the  data 
for  the  non-blowing  case  is  presented  also  to  help  define  the  spanwise  effects. 
Three  spanwise  lines  have  also  been  faired  through  the  data  ,  the  dashed  line 
(X/L  =  .968)  is  the  last  set  of  taps  on  the  aft  end  of  the  flat  plate,  while 
the  other  two  lines  are  pressure  taps  located  on  the  eleven  at  X/L  =  I.O32 
and  X/L  =  I.05.  Figure  38  shows  that  at  low  Jet  pressure  ratio  the  pressure 
disturbance  is  confined  to  the  eleven  surface;  the  separation  point  appears 
to  be  near  the  leading  edge  of  the  eleven  across  the  surface  but  the  pressure 
disturbance  decays  fairly  rapidly  in  the  spanwise  direction.  The  Jet  pressure 
ratio  has  been  increased  to  4300  for  Figure  39  and  the  separation  point  appears 
to  have  moved  onto  the  plate  ahead  of  the  eleven  but  no  effect  is  seen  out¬ 
board  of  theelevon.  The  pressures  on  the  eleven  still  show  a  strong  spanwise 
effect  but  no  effect  is  noted  on  the  body.  Figure  40  shows  that  separation 
has  started  all  the  way  across  the  plate  as  the  Jet  pressure  was  increased 
to  8400.  The  separation  line  moves  aft  outboard  of  the  elevon  but  appears 
to  be  at  the  same  location  ahead  of  the  elevon.  The  spanwise  pressiure 
variation  is  dimishing  on  the  elevon  but  a  spanwise  variation  is  seen  at 
X/L  =  0.968.  Figure  4l  marks  the  beginning  of  a  plateau  in  the  centerline 
pressure  and  this  apparently  causes  the  separation  line  to  straighten  out 
across  the  plate  and  the  spanwise  pressure  gradient  to  become  much  smaller. 
Figure  42  shows  that  all  pressure  gradients  have  diappeared  at  a  Jet  pressure 
ratio  of  34000  while  Figure  43  and  44  show  that  the  high  pressure  peak  begins 
to  spread  across  the  elevon  as  Jet  pressure  ratio  is  increased  further. 

Figure  45  shows  that  the  results  are  similar  at  negative  angles  of  attack. 

(u)  Figures  46  and  47  present  spanwise  data  for  nozzle  2  at  two  pressure  ratios 
which  when  compared  on  a  common  separation  location  basis  with  the  nozzle 
6  data  show  excellent  correlation  of  the  spanwise  pressures.  Figure  46 
compares  very  well  with  Figure  40  while  Figure  47  compares  very  well  with 
Figure  4l.  Figure  48  shows  nozzle  3  data  which  compares  very  well  with  Figtire 
39  thus  it  removes  any  doubt  that  spanwise  distribution  is  related  only  to 
centerline  separation  and  not  to  other  nozzle  parameters. 


(U) 


Figure  49  presents  the  spsuiwise  pressure  distribution  with  the  elevon 
extensions  installed  for  the  case  where  separation  is  just  starting  on  the 
plate  when  the  extensions  are  off.  This  .data  is  exactly  the  same  as  that 
with  the  extensions  off, shown  in  Figure  40, showing  that  the  elevon  does  not 
affect  the  data  and  the  spanwise  distribution  must  depend  only  on  the 
sepai'ation  at  the  centerline.  Figure  ’jO  shows  the  flow  separation  in  the 

a  +20°  control  deflection  aiid  that  it  is  not 


carried  into  the  plate  outboard  of  the  elevon.  Figure  51  shows  that  the 
plume  does  induce  separation  outboard  of  the  elevon  and  this  feeds  into 
the  contf'.-l  separation  area  to  raise  the  presstue  slightly  on  the  plate 
ahead  of  the  control  but  not  on  the  control  surface  Itself. 
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(U)  3-i-3  SUMMARY  OF  FLAT  PLATS  TEST  RESULTS.  In  summary  plvune  induced  separa¬ 
tion  up  to  a  maximum  of  of  the  plate  length  were  observed  on  the  flat 
plate  model.  This  separation  was  strongly  dependent  on: 

a)  nozzle  Jet  pressure  ratio 

b)  nozzle  e:q)ansion  ratio 

c)  nozzle  exit  angle 

d)  nozzle  size 

e)  exhaust  gas 

f)  positive  angle  of  attack  (windward  surface) 

g)  positive  control  deflection 

and  only  weakly  dependent  on: 

a)  nozzle  position 

b)  elevon  width 

c)  negative  angle  of  attack  (leeward  surface) 

d)  negative  control  deflection 

e)  small  changes  in  unit  Reynold  number. 

(U)  The  plateau  pressure  and  spanwise  pressure  distribution  appeared  to  depend 
solely  on  the  centerline  separation  point  and  not  on  nozzle  characteristics 
thus,  data  for  different  nozzles  compared  very  well  when  separation  points 
matched.  The  effect  of  nozzle  ejqpansion  ratio  depends  on  the  jet  pressure 
parameter  used  to  correlate  the  effects  but  increasing  expansion  ratio  at 
constant  total  pressure  reduces  the  plume  induced  separation. 

(U)  Negative  control  deflection  of  a  lower  sxxrface  elevon  to  achieve  a  nose 

up  moment  appeeirs  to  be  ineffective  in  the  presence  of  pliame  induced  separa¬ 
tion. 

(U)  The  effect  of  angle  of  attack  is  to  reduce  plume  induced  separation  on  a 
windward  surface  and  to  cause  some  increases  in  pressure  on  a  leeward 
surface . 

(U)  Carbon  dioxide  plumes  caused  significantly  more  separation  then  air  or 
Argon  plumes.  Argon  plumes  caused  the  least  separation. 
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3.2  TEST  RESULTS  ON  THE  DELTA  BOTTCM  CENTERLINE 

(C)  The  description  of  the  test  results  from  the  delta  configuration  will  be 
divided  into  three  sections  based  on  geometry: 

a)  bottom  centerline  data 

b)  bottom  distribution  data 

c)  upper  surface  pressure  data 

and  these  sections  will  be  further  subdivided  by  test  Mach  number  to  best 
describe  the  data  in  an  orderly  manner. 

(C)  3.2.1  BOTTOM  CENTERLINE  DATA  AT  A  MACH  NUMBER  OF  10.  Figures  52  through  54 
present  the  bottom  centerline  data  of  the  delta  planform  as  a  function  of 
angle  of  attack  for  the  three  lower  surface  eleven  deflections  tested  daring 
this  study.  These  figures  show  some  nose  bluntness  effect  near  the  front 
end  of  the  ramp  and  the  ejtpansion  corner  effect  aft  of  the  juncture  of  the 
front  ramp  and  flat  surface  (.606l).  Figure  53  shows  the  control  deflected 
-.15°  and  the  expansion  corner  effects  at  the  aft  end  of  the  body.  Figure  54 
shows  the  compression  comer  effect  which  results  from  a  +20  control  deflec¬ 
tion.  The  control  induced  separation  moves  aft  but  never  disappears  with 
increasing  angle  of  attack.  Figure  55  shows  that  increasing  unit  Reynolds 
number  decreased  the  local  pressure  but  the  pressure  distribution  remained 
essentially  the  same  along  the  centerline.  A  comparison  of  flat  plate  and 
delta  centerline  pressures  without  a  plme  is  shown  in  Figure  56  which 
shows  that  the  nose  bluntness  effects  were  much  more  severe  on  the  flat 
plate  and  so  the  delta  planform  pressures  tend  to  be  lower,  than  those  of 
the  flat  pJ.ate  at  low  angles  of  attack. 

(C)  The  effect  of  Jet  pressure  ratio  on  the  delta  configuration  centerline  at 
angles  of  attack  from  0°  to  20  are  shown  in  Figures  57  through  66.  Figure 
57  shows  that  separation  of  almost  the  conplete  vehicle  was  obtained  at  the 
highest  pressure  ratio  tested  with  this  nozzle  and  comparing  this  with  the 
fiat  plate  data  of  Figure  I8  shows  that  separation  occurs  at  a  lower  Jet 
pressure  ratio  and  mucr.  more  separation  occurs  on  the  delta  configuration 
than  the  flat  plate  at  the  same  nozzle  exit  pressure  ratio.  The  flat  plate 
datu-also  showed  a  more  level  plateau  pres.sure  than  is  evident  on  the 
delta  configuration  data  however,  the  plateau  pressures  are  fairly  close  if 
compared  on  the  basis  of  a  common  separation  point.  Figure  58  presents  the 
oil  flow  visualization  of  the  effect  of  Jet  pressure  ratio  at  zero  angle  of'^ 
attack.  The  separation  is  strongly  affected  by  angle  of  attack  as  seen  in 
Figures  59  through  64  so  that  by  20°  angle  of  attack  very  little  separation  ' 
occurs  .ahead  of  the  elevon  even  at  the  highest  Jet  pressure  ratio.  Figure  65 
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shows  that  the  angle  of  attack  effect  is  strongest  at  low  angles  of  attack 
and  diminishes  as  angle  of  attack  increases  at  constant  jet  pressure  ratio 
while  Figure  66  presents  the  oil  flow  visualization  which  shows  very  graphic¬ 
ally  the  reduction  in  separated  area  with  Increasing  angle  of  attack. 

(C)  Figure  67  presents  the  effect  of  Increasing  Jet  pressure  ratio  with  nozzle  2 
(a/a*  =  2.25)  which  shows  much  more  separation  than  the  sonic  nozzle  data  of 
Figure  57  when  compared  at  the  same  Jet  pressure  ratio.  The  pressure  rise 
in  the  separated  region  is  very  similar  for  both  nozzles  when  the  data  is 
con5)ared  for  a  common  separation  point  which  is  similar  to  the  flat  plate 
plateau  pressxires.  Figure  68  provides  a  comparison  of  flow  visualizations 
of  the  effect  of  nozzle  e^qiansion  ratio  at  zero  angle  of  attack  for  the  same 
exit  Jet  pressiure  ratios  which  shows  a  similar  result  to  that  of  the  pressure 
data.  Figure  69  presents  a  comparison  of  nozzles  2  (A/A*  =  2.25)  and  3 
(a/a*  =  10)  at  Jet  pressure  ratio  of  IO5O  and  which  again  shows  that  the  higher 
expansion  ratio  causes  more  separation  when  compared  on  Jet  exit  pressure  ratio. 
The  nozzle  3  data  of  this  plot  would  appear  to  correspond  to  that  of  a  Jet 
pressure  ratio  of  about  4000  for  nozzle  2  and  this  same  correspondence  was 
noted  on  the  flat  plate  data. 

(c)  Nozzle  size  comparisons  are  shown  on  Figures  70  71  between  the  sonic 

nozzles  6  and  1.  There  is  a  small  difference  in  Figure  70  but  no  difference 
in  Figure  7I  at  the  higher  Jet  pressure  ratio.  This  res\ilt  is  not  the  same 
as  the  flat  plate  result  obtained  at  a  much  shorter  separation  length.  The 
implication  of  tliis  is  that  nozzle  size  effects  disappear  as  the  plumes  become 
larger  and  separation  increases. 

(c)  The  effect  of  nozzle  exit  angle  on  separation  caused  by  an  A/A*  =  2.25  nozzle 
is  shown  in  Figure  72  which  shows  that  increasing  nozzle  exit  angle  increases 
separation  in  much  the  same  manner  as  for  the  flat  plate  (Figure  30) .  Figures 
73  to  75  present  pressture  data  and  oil  flow  visualizations  obtained  on  the 
effect  of  nozzle  position.  Figure  73  apparently  shows  that  moving  the  nozzle 
aft  results  in  more  separation  which  was  not  expected  and  does  not  agree  with 
the  flat  plate  results  (Figure  31) •  However,  this  is  not  believed  to  be  a 
nozzle  position  effect  so  much  as  a  small  angle  of  attack  difference  recalling 
the  sensitivity  of  separation  point  to  angle  of  attack  In  Figure  65  and  the 
oil  flows  of  Figure  7^  show  no  appreciable  moving  forward  of  the  separation 
point.  The  effect  of  vertical  position  change  (Figures  72  and  75)  is  more 
pronouned  on  the  delta  model  than  on  the  flat  plate  (Figure  3I) • 

(c)  The  variations  in  pliune  induced  separation  by  changing  plume  gases  is  shown 
in  Figures  76  and  77-  These  figures  show  that  using  COg  as  the  test  gas 
results  in  much  more  separation  than  air  or  Argon  and  exhaust  gas  ^ecific 
heat  is  a  sensitive  parameter  as  was  also  shown  in  the  flat  plate  data. 
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(c)  Figures  78  and  79  shows  the  differences  which  were  observed  baused  ay  using 
cold  air  (~550°R)  instead  of  heated  air  as  the  test  gas.  The  cooler  air  had 
little  effect  at  lower  jet  pressure  ratios  but  became  increasing  important 
at  higher  pressure  ratios  and  the  difference  was  sufficient  to  cause  the  flow 
over  the  entire  vehicle  to  be  separated  at  the  highest  jet  pressxire  ratio 
tested.  Thus  it  appears  that  not  only  gas  specific  heat  but  also  supply 
teiiiperat\ire  are  important  parameters  to  be  considered. 

(c)  Tiie  effect  of  control  deflection  on  pressures  is  shown  in  Figures  80  and  8l 
for  -I5  and  +20  control  deflections  respectively.  Figure  80  confirms  the 
flat  plate  result  that  negative  control  deflection  in  the  presence  of  plume 
induced  separation  is  ineffective;  however,  Figure  8l  shows  that  the  +20° 
control  deflection  is  Ineffective  silso  which  is  a  different  result  then  that 
of  the  flat  plate  (Figure  37).  In  both  cases  (Figures  80  and  81)  the  plume 
induced  separation  is  directly  comparable  to  the  zero  deflection  case  and  so 
for  this  test  condition  the  lower  surface  elevon  appears  to  be  completely 
Ineffective.  Figures  82  and  83  present  oil  flow  visualization  of  the  +20 
degree  control  deflection  case  which  shows  how  the  plume  separation  predomin¬ 
ates  at  zero  angle  of  attack  but  also  how  the  compression  comer  separation 
predominates  at  10  degrees  angle  of  attack. 

(C)  3-2.2  DELTA  BOTTOM  CENTERLINE  DATA  AT  MACH  8.  A  short  series  of  tests  were 
conducted  at  both  a  Mach  number  of  8  and  6  primarily  to  determine  Mach  number 
effects  on  plume  i.nduced  separation.  Figtire  84  presents  the  bottom  center- 
line  press\ire  data  as  a  function  of  angle  of  attack  without  a  plume  which  when 
compared  to  Figure  52  shows  much  less  pressure  variation  across  the  front 
ran^)  then  at  ^^ach  10.  The  Reynolds  number  i-ange  tested  at  Mach  8  was  larger 
than  at  either  Mach  10  or  Mach  6  and  Figure  85  shows  that  this  Reynolds 
number  variation  primarily  changes  the  pressure  level  and  the  e:q)ansion  onto 
the  flat  surface  at  the  lowest  Reynolds  number  only. 

(C)  The  effect  of  Jet  pressvire  ratio  with  the  sonic  nozzle  is  shown  on  Figure  86, 
which  .when  compeired  to  similar  data  at  Mach  10  in  Figure  57  shows  that  the 
separation  points  are  close.  If  there  is  a  Mach  effect, it  is  small  and 
causes  the  separation  point  to  be  slightly  further  forward  on  the  Mach  8 
data.  T+ie  plateau  pressures  are  very  definitely  lower  at  Mach  8  con^iaired  to 
Mach  IC ,  as.,  also  are  the  pressure  peaks  on  the  elevon  at  higher  pressure 
ratios.  The  effects  of  angle  of  attack  (Figures  87  and  88)  are  couiparable 
at  both  Mach  numbers. 

(c)  Expansion  ratio  effects,  cimilai’  to  that  at  Jiach  10,  are  shown  by  the  data  of 
Figure  89  where  again  the  nozzle  2  data  exhibits  slightly  more  separation  and 
lower  plateau  pressui'e  than  that  of  Figure  67  at  Mach  10.  Figure  90  shows  that 
increasing  nozzle  exit  ang3.e  moves  the  separation  point  forward  as  was  also 
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seen  at  Mach  10.  The  nozzle  size  comparison  shown  in  Figure  91  shows  that 
the  larger  nozzle  causes  more  separation  hut  not  by  a  factor  on  the  order 
of  the  difference  of  mass  flows  of  the  two  nozzles. 


(c)  The  effect  of  nozzle  position  is  shown  in  Figure  92  which  shows  the  same  results 
as  that  of  Figure  73  foi*  Mach  10.  The  data  for  axial  location,  shows  that  the 
most  aft  position  moves  the  separation  forward  while  that  of  the  other  positions 
show  no  difference.  The  forward  movement  of  separation  by  aft  nozzle  position 
is  rejected  again  being  caused  by  a  slight  negative  angle  of  attack  during  tht 
data  run. 

(c)  The  effect  of  other  exhaust  gases  is  shown  in  Figures  93  9^  which  show 

that  Argon  causes  the  least  separation  and  carbon  dioxide  the  most  indicating 
that  decreasing  exhaust  gas  specific  heat  ( y )  causes  more  separation  but  also 
show  this  effect  decreases  with  increasing  Jet  pressure  ratio.  A  parametric 
variation  of  free  stream  unit  Reynolds  number  is  shown  in  Figures  95  ahd  96 
which  show  a  strong  trend  toward  decreasing  separation  with  increasing 
Reynolds  number.  The  higher  Reynolds  number  pressure  data  lacks  the  plateau 
which  occurs  at  lower  Reynolds  numbers  and  this  difference  is  attributed  to 
the  boundary  layer  being  turbulent  at  separation  for  the  higher  Reynolds 
number  case  whereas  the 'Other  cases  are  probably  laminar  boundary  layer  separa¬ 
tions.  There  is  much  more  data  scatter  in  the  undisturbed  pressure  regions- 
on  Figures  95  and  96  than  was  evident  in  Figure  85  without  a  plume  but  this 
was  assumed  to  be  normal  data  scatter. 

(C)  Figures  97  and  98  present  pressure  data  with  plume  and  control  deflection 
at  two  angles  of  attack.  Figure  97  shows  that  the  control  deflected  at  -15° 
is  completely  within  the  separated  area  at  zero  angle  of  attack  and  comparing 
this  to  CP  deflection  with  plume  data  of  Figure  86  shows  no  change  in  the 
plume  induced  separation.  The  data  at  10°  angle  of  attack  shows  that  the 
separation  has  moved  back  onto  the  eleven  and  raises  the  pressure  anly 
slightly  thus  the  eleven  still  has  some  control  effectiveness  left  at  negative 
deflections  at  this  angle  of  attack.  The  +20°  deflection  data  of  Figure  98 
shows  that  the  plume  induced  separation  completely  dominates  at  zero  angle 
of  attack  while  the  control  induced  separation  completely  dominates  at  an 
angle  Of  attack  of  5°  which  is  similar  to  the  results  obtained  at  Mach  10 
(Figures  8l  and  82). 

(C)  3-2.3  BOTTOM  CEMTERLINE  DATA  AT  A  MACH  hUMBER  OF  6.  Figures  99  and  100 
present  the  basic  bottom  centeriine  data  without  a  plume  as  a  function  of 
angle  of  attack  ( ^’igure  99)  -'uid  with  lower  eleven  deflection  (Figure  100 ) . 

This  data  corresponds  well  with  the  data  obtained  at  Mach  10  (Figures  52  to 
5^)  and  at  .Mach  8  (Figure  84). 
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(C)  The  effect  of  jet  presstire  ratio  for  the  sonic  nozzle  is  shown  in  Figure  101 
at  zero  angle  of  attack  and  in  Figure  102  at  an  angle  of  attack  of  Figure 

109  compares  the  separation  locations  for  Mach  S,  8,  and  10  and  shows  that 
there  is  no  consistent  Mach  effect.  The  slightly  higher  Reynolds  n\imber  of 
the  Mach  6  data  is  believed  to  account  for  the  lower  separation  for  some  of 
that  data.  Figures  110  6ind  111  compare  plateau  pressure  ratio  and  plateau 
pressure  coefficient  at  the  three  Mach  numbers.  The  differences  noted 
previously  in  plateau  pressure  ratio  are  seen  in  Figure  110  but  reducing 
the  data  to  pressure  coefficient  form  (Figure  111  )  removes  this  Mach  effect. 

Thus  it  would  appear  that  the  data  is  independent  of  Mach  over  the  range  of 
Mach  numbers  tested  in  this  program. 

(c)  Figures  103  to  105  presents  the  effects  of  nozzle  expansion  ratio,  nozzle 
exit  angle,  and  nozzle  size  at  Mach  6  which  are  consistent  with  the  trends 
established  at  the  higher  Mach  numbers.  The  data  at  various  nozzle  axieil 
locations  shown  in  Figure  106  shows  that  moving  the  nozzle  aft  causes  a 
slight  reduction  in  separation  at  both  aft  locations.  This  data  has  been 
inconsistent  at  the  other  Mach  niimbers  and  the  apparent  differences  caused 
by  axial  location  shifts  is  small  enough  to  be  masked  by  the  normal  variation 
in  other  test  parameters  between  tunnel  runs.  All  the  data  on  vertical  position 
has  been  consistent  and  shows  that  moving  the  nozzle  vertically  away  from  a 
surface  results  in  reducing  the  separation  region.  Figure  107  and  108  show 
the  same  effects  on  elevon  deflection  in  the  presence  of  plume  induced  separa¬ 
tion  as  was  shown  at  Mach  10  and  8. 

3.3  DELTA  BOTTOM  SPANWISE  DISTRIBUTION 

(c)  The  need  for  upper  surface  instrumentation  resilLted  in  many  fewer  pressure 
taps  in  the  bottom  surface  of  the  delta  (42)  compared  to  that  of  the  flat 
plate  model  (77)-  Figure  11  shows  that  pressure  taps  were  principally 
arrayed  along  the  bottom  centerline  (Y/L  =  O)  with  a  few  located  on  two 
other  chordwise  lines  1"  off  the  centerline  (y/L  =  .05)  and  2"  off  the 
centerline  (y/L  =  .1)  with  most  cf  the  taps  on  the  rear  surface  (X/L  >.6) 
or  on  the  elevon.  Thus  the  spenwise  distributions  are  less  detailed  than 
those  of  the  flat  plate.  The  half-span  of  the  bottom  surface  excluding 
coii5)ressicii  sharing  sides  is  2.22  inches  wide  (y/L  =  .111)  and  thus  the 
two  off  center  lines  cover  the  half-span  of  the  bottom. 

(C)  This  data  presentation  will  be  limited  to  the  nozzle  6  data  at  zero  single 
of  attack  since  this  data  covers  the  range  of  sepsiration  locations  seen 
during  the  test.  The  data  was  connected  by  point  to  point  straight  lines 
by  computer  plotting  so  that  the  curves  are  not  smoothed  as  in  the  preceding 
section. 
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(C)  3.3.1  SPAKWISE  DISTRIBOTION  AT  MACH  10.  Figure  112  presents  the  basic 

pressure  distribution  on  the  bottom  of  " the  delta  planform  along  three  span- 
wise  lines.  The  data  shows  some  scatter  but  no  spanwise  variation  in  press¬ 
ure  distribution  at  this  condition.  The  effect  of  increasing  Jet  pressure 
ratio  on  bottom  pressxires  is  shown  in  Figures  II3  through  119-  These 
figures  all  show  that  the  centerline  has  the  most  separation  but  that  the 
separated  region  spreads  rapidly  on  the  surface  and  the  edge  is  separated 
less  than  lOjt  aft  of  the  centerline.  These  figures  also  show  little  span- 
wise  variation  in  plateau  pressure  and  the  pressure  peak,  which  occiors  on 
the  end  of  the  elevon  on  the  centerline,  never  spreads  to  the  other  span- 
wise  locations.  Figure  58  presents  oil  flow  pictures  of  the  bottom  surface 
sepeiration  which  is  directly  comparable  to  Figures  ll4,  II6,  and  119* 

(C)  3.3.2  BOTTCK  PRESSURE  DISTRIBUTIONS  AT  MACH  8.  Figures  120  through  124 
present  typicjil  bottom  pressure  results  obtained  at  Mach  8  and  zero  angle  of 
attack  with  increasing  plxime  Jet  pressure  ratio.  Tlie  results  are  similar  to 
those  obtained  at  Mach  10. 

(C) 3.3.3  BOTTOti  PRESSURE  DISTRIBUTIONS  AT  MACH  6.  Figures  125  through  I3O  show 
typical  results  at  Mach  6  with  increasing  Jet  pressure  ratio  which  are  very 
much  like  the  resxilts  at  the  other  Mach  numbers.  Figure  I3I  presents  a  com¬ 
parison  of  centerline  separation  with  that  at  the  Y/L  =  .1  location.  This 
data  shows  that  there  Is  no  Mach  number  effect  in  the  spanwise  variation  and 
since  the  data  was  taken  for  a  number  of  different  Jet  pressure  ratios  there 
appears  to  be  no  plume  size  effect  other  than  that  which  determines  center- 
line  separation  location.  The  flat  plate  data  indicated  that  the  spanwise 
pressure  distribution  caxised  by  pltime  induced  separation  depended  only  on 
the  centerline  distribution  and  it  appears  that  a  similar  result  has  been 
shown  for  the  bottom  of  the  delta  configuration.  The  curve  faired  through 
the  data  has  been  extrapolated  to  the  nose  and  to  the  end  of  the  vehicle. 

(c)  '  Figure  I32  presents  an  attempt  to  approximate  the  spanwise  variation 
in  separation  location  as  a  straight  line  which  is  swept  at  some  angle  to 
the  stream  and  Fi<jure  132  plots  sweep  angle  as  a  function  of  centerline  separa¬ 
tion  location  and  free-stream  Mach  nmber.  This  straight  line  representation 
was  chosen  based  on  the  oil  flow  data  (Figures  56,  66,  68,  74  and  75)  and  the 
data  shown  on  Figure  I32  was  computed  from  the  spanwise  data  of  Figure  I3I. 

The  cxxrve  shown  on  Figure  I32  was  con5)uted  based  on  the  faired  CTirve  on 
Figure  131  and  can  be  used  as  a  first  approximation  prediction  method  for 
the  spanwise  variation  of  separation  on  other  configurations  if  the  separation 
on  the  centerline  is  known. 
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3.4  UPPER  SUI^'ACE  PIU:SSURE  DISTRIBUTIOK 

(C)  Fifty  precsui'u  tapii  were  iocnted  in  the  upper  surface  of  the  delta  config¬ 
uration  and  in  the  fin  as  shown  in  Figure  13.  These  taps  were  divided  along 
four  lengthwise  lines  on  the  body  and  one  lengthwise  line  on  the  fin.  Figure 
12  shows  that  one  set  of  taps  was  located  on  the  top  centerline  of  the  body 
up  to  the  base  of  the  vertical  fin.  One  set  of  taps  was  located  at  45°  off 
the  top  centerline  throvigh  model  station  12. 73 • which  is  the  location  of  the 
raaxiinuii!  cross  section  of  the  vehicle  and  aft  of  this  point  the  vehicle  narrows 
down  into  a  vertical,  fin  section  and  sloping  upper  deck.  This  set  of  taps 
was  located  at  a  constant  height  (MWL  2.62)  after  station  12.73  in  this  ex¬ 
pansion  surface  region.  Tlie  third  set  of  taps  was  located  on  the  side  of 
the  vehicle  along  the  centerline  of  the  top  radius  (90°  off  top  centerline) 
through  model  station  12. 73  and  aft  of  this  station  this  line  of  taps  was 
continued  at  the  mid-point  of  the  rear  expansion  deck.  The  fourth  line  of 
taps  was  located  on  the  side  of  the  vehicle  at  a  constant  height  above  the 
base  (MWL  .665).  This  set  of  taps  carried  onto  the  aft  expansion  sxwface 
until  the  leading  edge  radius  of  the  compression  sharing  surface  reached  water¬ 
line  .665  arjd  the  last  two  taps  are  on  this  leading  edge.  The  fin  tap  set 
includes  one  leading  edge  tap  and  five  side  taps  located  in  a  line  at  constant 
height  above  the  base  of  the  model  (model  water  line  4.08).  The  division  of 
pressure  taps  is  that  29  were  located  ahead  of  the  upper  surface  e^qoansion 
corner  and  15  aft  of  the  expansion  corner.  None  were  located  on  the  upper 
surface  elevens . 

(C)  3.4.1.  UPPER  SURFACE  PRESSURES  AT  MACH  10.  Figure  I33  presents  the  upper 
surface  and  fin  pressure  distributions  as  a  function  of  angle  of  attack 
without  a  plume.  The  end  of  the  top  centerline  taps  (x/L  =  .636)  is  the 
location  of  the  maximum  thickness  and  the  start  of  the  expansion  comer.  The 
leadlTig  edge  d;ap  of  the  fin  is  located  at  an  X/L  of  .757.  This  set  of  data 
shows  that  although  the  entire  front  surface  is  shielded  from  the  flow  at 
angles  of  attack  greater  than  10  degrees  that  positive  pressures  persist  at 
higher  angles  and  that  the  lower  the  location  on  the  upper  surface  the  gVip-r 
this  pressure  tends  to  be.  Aft  of  the  e:!3)ansion  corner  the  pressures  are  at 
or  below  ambient  (P/Poa  =  l)  above  10°  angle  of  attack  except  near  the  edge 
of  the  lower  surface  (MWL  =  .66).  The  modified  fin  is  faiirly  blunt  and  shows 
the  effect  of  nose  bluntness  at  low  angles  of  attack  but  is  completely 
separated  at  angles  of  attack  above  10°.  Figure  I34  shows  that  the  Reynolds 
number  variation  tested  at  Mach  10  caused  little  variation  in  upper  surface 
pressures  except  near  the  nose  of  the  model.  The  effect  of  "’'icreaslng  Jet 
pressure  ratio  at  zero  angle  of  attack  is  shown  in  Figure  135a  and  135b. 

These  data  show  that  the  plume  does  cause  separation  but  this  separation 
never  progresses  very  far  ahead  of  the  expansion  corner.  Thus  the  lower 
surface  (Figures  57  and  119)  is  experiencing  much  more  separation  than  the 
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upper  ourface  and  which  is  probably  due  to  the  larger  angle  that  this  surface 
(approximately  80)  presents  to  the  airstream  than  that  for  the  front  rasp  (3°) 
of  the  lower  surface.  Figures  136a  and  138b  present  a  top  view  and  a  side 
view  of  oil  flow  visualizations  of  the  delta  for  conditions  similar  to  Figurei35 
to  show  the  extent  of  the  separated  region.  These  photographs  indicate  that 
the  separation  region  is  limited  to  the  e:q)ansion  sttrface  of  the  model.  There 
is  a  streak  on  the  side  of  the  model  at  the  higher  jet  pressure  ratios  which 
has  been  interpreted  ( reference  11 )  as  a  ssiall  separated  region  which  extends 
far  forwsu’d  of  the  expansion  corner  but  this  is  not  confirmed  by  the  presstire 
data  6ind  is  not  believed  to  be  any  separation.  The  effect  of  increasing  angle 
of  attack  in  plume  induced  separation  is  shown  in  Figures  I37  through  l4l 
at  angles  of  attack  from  2.5  degrees  through  20  degrees.  Increasing  angle 
of  attack,  causes  the  separation  point  to  move  forward  on  the  upper  surface 
vrith  the  top  centerline  showing  the  most  separaticn  and  the  taps  closest  to 
the  bottom  edge  the  least  separation.  Figure  142  shows  that  it  stiTl  takes 
a  large  plume  (high  P./Poo  )  to  affect  the  surface  pressures  ahead  of  the 
ej^jansion  corner  even'^at  20  degrees  angle  of  attack.  While  Figures  59  through 
64  show  the  rapid  collapse  of  the  separated  area  on  the  lower  surface 
Figure  142  shows  that  the  area  affected  by  the  plume  grows  larger  on  the 
upper  sxirface  at  high  jet  pressxu'e  ratios.  The  plateau  pressure  in  the  affected 
area  is  constant  on  all  rays  and  on  the  fin  and  appears  to  decrease  with 
increasing  angle  of  attack  for  the  lower  jet  pressure  ratios  as  is  shown  in 
Figure  143.  The  higher  jet  pressure  ratio  curves  show  an  increase  in  plateau 
pressure  at  the  higher  angle  of  attack.  Only  one  data  point  was  taken  at 
the  26.5  degree  angle  of  attack  and  this  point  was  at  too  low  a  pressure  ratio 
to  confirm  this  trend  of  increasing  plateau  pressure. 

(C)  3-4.2  UPPgR  SURFACE  PRESSURES  AT  MACH  8.  Figures  l44  and  l45  show  the  effect 
of  angle  -of  attack  and  Reynolds  number  respectively  on  the  upper  sxirface 
pressures  at  Mach  8  without  an  exhaust  plume.  These  effects  are  much  the 
same  as  those  seen  at  Mach  10  in  Figures  I33  and  134. 

(c)The  effect  of  jet  pressure  ratios  to  320OO  at  angles  of  atteick  from  0  to 
15  degrees  are  shown  in  Figures  l46  through  l49-  The  jet  pressure  ratio  was 
limited  in  this  test  series  by  supply  pressure  limitations  and  the  higher 
ambient  pressure  of  the  tunnel.;  The  angle  of  attack  was  limited  to  15° 
to  use  a  sting  installation  to  give  good  Schlieren  coverage  of  the  pl\mie. 

Very  little  separation  was  achieved  ahead  of  the  expansion  corner  and  neither 
angle  of  attack  or  jet  pressure  ratio  were  high  enougn' to  verify  the  hock  in  the 
plateau  pressure  curve  seen  at  Mach  10  (Figure  143). 
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(c)  3-i*-3  UPPER  SURFACE  PP£SStJRES  AT  MACH  6.  Figures  I50  through  153  present 

typical  results  of  upper  surface  pressures  with  and  without  plumes  at  angles 
of  attack  from  0  to  15“ •  The  same  limitations  were  imposed  here  as  at  Mach 
8  and  essentially  the  same  results  are  seen. 

(c)  Figure  15^-  presents  a  comparison  of  upper  and  lower  sui'face  plateau  pressvire 
coefficients  at  zero  angle  of  attack  and  this  cturve  shows  that  there  appears 
to  be  a  linear  relationship  between  the  T.Q?per  and  lower  plateau  pressures 
where  the  upper  plateau  pressure  tends  to  be  slightly  hi^er  than  the  lower. 
There  also  appears  to  be  no  Mach  nuniber  effect  in  this  data.  Figure  155 
shows  how  the  upper  surface  sepai'ation  never  moves  ahead  of  the  expansion 
corner  while  the  lower  surface  separation  moves  ahead  on  the  model  at  zero 
angle  of  attack.  The  effect  of  angle  of  attack  on  plateau  pressure  was  in¬ 
dicated  in  Figure  1^3  at  Mach  10  and  Figure  I56  presents  data  for  aJ.1  three 
liach  numbers  in  terms  of  the  plateau  pressure  coefficient  at  that  angle  of 
attack  ratioed  to  the  plateau  pressure  coefficient  at  zero  angle  of  attack. 
There  is  a  fair  amount  of  scatter  but  no  significant  Mach  number  effect  and 
the  trend  is  consistent  of  reducing  plateau  pressure  with  increasing  angle 
of  attack  except  for  the  one  value  obtained  at  20  degrees  for  the  highest 
Jet  presswe  ratio  at  Mach  10,  which  showed  an  increase  in  plateau  pressure. 
Figure  157  shows  that  while  no  consistent  tread  could  be  found  in  the  tg)per 
surface  separation  location  as  a  function  of  angle  of  attack  or  Machj  it 
appears  that  a  jet  pressure  ratio  of  about  gOOOOfor  nozzle  6  was  sufficient 
to  move  the  separation  location  ahead  of  the  expansion  comer  and  at  higher 
angles  of  attack,  essentially  all  of  the  upper  surface  saw  plume  effects  when 
this  pressure  ratio  was  exceeded. 
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3.5  BAiiK  PKiiSSUHi;  DATA 

(c)  Four  prtisuui'u  tap&  were  located  in  the  base  of  the  model  as  show  in  Figure 
l4.  Figure  158  presents  average  base  pressure  results  at  aero  angle  of 
attack, as  a  function  of  Jet  pressure  ratio  for  noszle  6  , Which  shows  that 
the  base  pressure  initially  shovrs  a  large  increase  with  increasing  Jet 
pressure  ratio  but  the  base  pressure  becomes  much  less  sensitive  to  pressure 
ratio  as  it  contliiues  to  increase.  Figiire  159  shows  a  linear  relationship 
between  plateau  pressure  sa:kd  base  pressure  for  ail  nozzles  at  zero  angle  of 
attack  implying  that  one  depends  on  the  other.  Figure  16O  shows  the  effect 
of  angle  of  attack  on  base  pressures  at  three  Jet  pressure  ratios  for  nozzle 
6  at  Mach  10.  The  base  piessures  apparently  decline  with  increasing  angle 
of  attack  but  then  appear  to  rise  agaii^  which  is  similar  to  the  type  of 
behavior  seen  in  the  upper  s\jrface  plateau  pressure. The  base  pressure  be 
related  to  upper  surface  plateau  pressure  at  higher  angles  of  attack. 

3.6  SUMMARY  OF  DELTA  CONFiGUimTION  PRESSURE  REliULTS 

(C)  Tlie  delta  configuration  showed  that  it  had  much  more  separation  than  the 

fiat  plate  for  a  given  nozzle,  nozzle  flow  parameters,  and  tunnel  condition. 
This  pluiBB  induced  separation  on  the  bottom  surface  was  very  sensitive  to; 

a)  angle  of  attack 

b)  exhaust  Jet  pressure  ratio 

c)  nozzle  expansion  ratio 

d)  nozzle  exit  angle 

e)  pltme  gas 

f)  plume  gas  temperature 

g)  Reynolds  number 

The  plume  induced  separation  was  relatively  insensitive  to: 

a)  Mach  nimiber 

b)  nozzle  longitudinal  position 

c)  control  deflection  at  low  angles  of  attack 

(c)  Plateau  pressi  "■  coefficients  appear  to  he  independent  of  test  Mach  number 
and  correlate  very  well  when  cong)ared  by  common  separation  location  regardless 
of  the  nozzle  causing  the  separation  suggesting  a  result  similar  to  that  of 
compression  comer  separation  where  plateau  pressure  is  related  only  to 
conditions  at  the  separation  point. 

(C)  The  upper  surface  expansion  corner  strongly  affected  the  separation  of  the 
upper  surface  and  fixed  the  separation  point  except  at  high  angles  of  attack 
and  high  Jet  pressure  ratios  where  most  of  the  surface  was  affected.  The 
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upper  JUi’face  plateau  preti^ure  at  zero  aji^^le  of  attack  waB  slightly  higher 
thea  tut  definitely  related  to  lower  surface  plateau  pressure*  Upper 
surface  plateau  presstu^  decreased  with  angle  of  attack  except  at  high 
angle  of  attack  aiid  high  .let  pressure  ratio  where  it  tended  to  return  to  the 
zero  angle  of  attack  value. 

3.7  OIL  PLOW  DATA 

(c)  Fifty "eliitt  (53)  oil  flow  runs  were  made  with  the  flat  plate  model  or  the 

delta  model  at  Mach  10.  These  nans  were  made  primarily  for  flow  visusU-ization 
on  the  bottom  surface  of  both  configurations  although  a  few  photographs  were 
obtained  of  upper  surface  flow  on  the  delta  configuration.  The  technique  used 
consisted  of  spraying  the  model  with  zyglo  penetrating  oil  and  lighting  the 
model  with  ultra-violet  lights  after  injecting  it  into  the  tunnel.  The  gyglo 
oil  glows  under  the  ultra-violet  light  which  eillows  the  surface  flow  pattern 
to  be  observed  and  photographed.  Representative  oil  flow  visualization 
photographs  have  been  presented  with  the  flat  plate  and  delta  planform 
pressure  data  and  will  not  be  repeated  here.  This  data  was  reduced  to  obtain 
flow  separation  location  and  Figures  16I  and  162  present  comparisons  of 
centerline  separation  location  as  measured  from  the  oil  flow  to  that  obtained 
from  the  pressure  data.  The  point  used  In  the  pressure  data  was  at  the  steert 
of  the  pressure  disturbance  and  these  figures  show  that  this  point  is  about 
55^  of  the  vehicle  length  ahead  of  separation  point  measiufed  on  the  oil  flow 
pictures  for  the  flat  plate, and  about  10)  for  the  delta  configuration. 

Figure  163  presents  a  cong)arisan  of  the  sweep  angle  of  the  spanwise  separation 
line  from  the  oil-flows  with  that  taken  from  the  pressure  data  of  Figure  132. 
The  data  is  displaced  from  the  curve  by  the  difference  shown  in  Figure  2£2,  but 
the  trend  appears  to  be  much  the  same  except  for  the  scatter  for  the  cases 
of  least  separation. 

3.8  SCHLIEREK  DATA 

(c)  Schlieren  photographs  were  taken  during  each  pressure  test  run  and  a  noomber 
of  runs  were  repeated  at  the  end  of  the  test  in  order  to  try  to  get  better 
flow  visioalization  of  the  plume  boundary  and  separated  region.  Schlieren 
photographs  v/ere  the  only  means  available  for  obtaining  plume  geometry  and 
Figure  164  presents  a  schematic  of  the  plume  and  separation  region, and  the 
measoirements  which  were  made  on  the  Schlieren  photographs.  It  was  extremely 
difficult  to  see  the  plume  and  separation  region  in  most  photographs  and  the 
net  result  was  a  large  amount  of  scatter  in  the  data  obtained.  This  figure 
shows  the  model  in  an  inverted  position  since  that  is  the  way  the  test 
program  was  run  and  the  way  the  typical,  test  results  are  presented. 

(C)  Figure  165  presents  a  set  of  Schlieren  photographs  which  show  the  relative 
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aize  at  thti  piuiiiii  tu  the  iawdi.1  buae  iil  Miich  i'l  a!»J  ahow  ho‘w  thy  pluiDe 
Increasya  ii'i  aize  with  iacryaaiin'  exit  Jot  pi-easure  ratio  for  the  sonic 
nozzle.  It  appears  that  the  pluffie  boiuidar^-  ssaj’  itrUis  the  rear  sdee  of 
the  lower  surface  eiovon  at  the  higher  exit  pressure  ratios.  Ihe  effect 
of  positive  angle  of  attack  in  reducing  the  plume  size  on  the  windward  side 
of  the  vehicle  is  shown  in  Figure  l66.  ?he  shock  wave  due  to  separation 
tareiy  visible  at  low  I’j-.gies  of  attack  and  the  boundary  layer  becomes  Biore  vis¬ 
ible  as  angle  of  attek  iiicr eases.  Figu.’e  167  shows  a  comparison  of  plumes  at 
Mach  6,  Qf  and  10  for  a  common  nozzle  flow  condition  which  shows  very  little 
Mach  ntunber  effect  on  plume  size  or  shape. 

(c)  The  effect  of  nozzle  size  is  shown  in  Figure  168  for  zero  angle  of  attack  at 
Mach  5*96.  Nozzle  1  has  half  the  mass  flow  of  nozzle  6  and  this  is 
reflected  in  the  smaller  plvuae  for  that  nozzle.  Figure  l£9  presents  a 
coinparison  of  plxmes  for  the  three  different  gases  used  in  this  study.  The 
carbon  dioxide  plvune  is  noticeably  larger  than  that  of  air  while  the  Argon 
plume  is  the  smallest.  The  effect  of  nozzle  exit  angle  is  shown  in  Figure 
170  which  shows  that  increasing  exit  angle  increases  plume  size  close  to  the 
model.  Figure  171  shows  that  moving  the  nozzle  aft  does  not  change  plume 
size  appreciably  but  moving  the  nozzle  vertically  away  from  the  surface 
(position  4)  does  reduce  the  plume  size  which  is  visible  to  that  surface 
considerably. 

(c)  Figures  172  and  173  show  representative  data  for  plume  initial  radius  and 
flow  separation  angle  which  were  derived  from  the  film  data.  The  scatter  in 
the  data  is  appreciable,  partly  the  result  of  scaling  the  data  from  the  film 
but  also  in  large  measure  due  to  the  poor  definition  of  the  separated  flow 
on  the  film.  These  data  show  no  Mach  number  effect  and  the  sensitivity  to  Jet 
pressure  ratio  as  a  parameter  is  low.  The  data  was  mostly  taken  at  zero 
angle  of  attack  and  was  read  for  the  bottom  surface  of  the  corfiguration. 

3.9  FLOW  SURm  DATA 

(c)  The  six  probe  pitot  rake  which  was  used  to  perform  these  flow  surveys  is  shown 
on  Figure  15 .  This  probe  was  used  to  obtain  2k  flow  surveys  of  the  flow  on 
the  bottom  svirface  of  the  delta  configuration  at  Mach  10  and  zero  angle  of 
attack  with  and  without  an  exhaust  plume  and  also  behind  the  delta  configura¬ 
tion  with  a  plume.  The  probe  data  was  reduced  at  AEDC  and  reference  11 
presents  more  details  of  the  data  reduction  procedure  vised  to  convert  the 
probe  output  into  velocity,  temperature,  and  pressure  profiles.  The  main 
assumption  in  the  data  reduction  is  the  use  of  static  pressure  measured  on 
the  model  surface  as  the  static  pressure  throughout  the  svirvey.  The  probe 
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w  ujavs-'u  iiOi’a&i  to  th:^  surrsu-e  3£id  th^  velocity  and  total  tcE^rat-yre  pro¬ 
file  ;iata  which  Will  be  presented  Is  plotted  as  a  function  of  distance 
froLi  the  surface. 

(c)  Figure  IT^a  to  I7^c  presents  the  velocity  and  temperature  profiles  at  three 
stations  on  the  centerline  of  the  vehicle  at  zero  angle  of  attack  without 
an  exhaust  plume.  These  three  stations  are  located  aft  of  the  lower  surface 
ejq)anslon  comer  and  the  last  station  (X/L  =  1.084)  is  at  the  trailing  edge 
of  the  lower  surface  elevon  or  right  at  the  end  of  the  body  and  at  the  exit 
plane  of  the  nozzle  in  position  1.  This  data  shows  a  boundary  layer  approxi¬ 
mately  1.1  inches  thick  over  this  rear  surface.  Figure  175  a  through  175  g 
show  the  flow  field  on  and  behind  the  body  wlxh  an  exhaust  plume.  Two 
stations  ahead  of  the  expansion  comer  are  slx>wn  in  Figures  175  a  aod  175  to 
and  these  stations  show  no  sepacratlon  region  although  Figure  57  shows  tlws 
pliuae  induced  pressure  rise  to  start  at  an  X/L  =  .42.  The  plateau  pressure 
region  on  Figure  57  is  reached  at  about  >7  of  the  length  back  and  Pigtire  175  c 
shows  a  separated  region  forming.  The  separated  region  appears  to  be  1.25 
inches  deep  at  the  end  of  the  body  (Figure  175  d) .  Aft  of  the  body  (Figures 
175  e  through  175  g)  the  zero  value  of  z  still  corresponds  to  model  water 
line  zero  so  that  these  surveys  are  limited  to  the  portion  of  the  pluiae  seen 
by  the  lower  surface ,  The  Schlieren  data  indicated  that  the  separated  boundary 
layer  intersected  the  plme  at  an  X/L  of  1.12  so  that  Figures  175  e  and 
175  f  should  contain  separated  flow  region  data  outside  the  plume.  This  is 
believed  to  be  shown  on  Figure  175  e  by  the  hook  in  the  curve  at  about  1.25 
inches  but  is  not  seen  in  Figures  175f  and  175g>  Figures  175f  and  175g  are 
surveys  aft  of  flow  reattachment  to  the  plme. 

(C)  Figure  I76  presents  the  velocity  ratio  data  for  the  same  nozzle  at  one-half 
the  jet  pressxire  ratio  of  that  in  Figure  175  and  which  shows  the  same  trends 
as  indicated  in  Figure  175  except  that  the  separated  layer  is  slightly 
thinner  in  Figure  176.  Figure  177  presents  the  velocity  profiles  at  5 
stations  (3  on  the  vehicle  and  2  aft)  with  the  expansion  ratio  2.25  nozzle 
used  to  create  the  plume.  Comparing  this  data  to  the  sonic  nozzle  data 

of  Figure  176,  Figure  I78  shows  that  the  separation  has  occurred  earlier 
for  nozzle  2  (Figure  178  a)  but  that  the  separated  layer  is  thinner  at  the 
reex  of  the  vehicle  (Flg\ire  I78  b).  Both  nozzles  were  supplied  with  gas  at 
tne  same  supply  tenperatvire  and  because  of  the  higher  expansion  the  ambient 
tejnperatiire  at  the  nozzle  exit  for  nozzle  2  is  much  colder  than  for  nozzle  1 
(on  the  order  of  hai-f)  and  this  colder  gas  can  be  seen  in  the  data  at  all 
strtions.  The  velocity  in  the  plume  (Figure  I78  c)  is  lower  because  of  this 
tenperature  difference. 

(c)  3 •9-1  FLOW  SURVEYS  WITH  DISC.  An  attempt  was  made  during  the  flow  field 
suJHfey  runs  to  size  a  solid  plate  disc  to  represent  the  plume  and  to  gather 
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flow  field  survey  and  centerline  pressure  data  to  compare  with  the  plume  data 
Lo  see  how  well  this  disc  could  represent  a  plume.  Two  discs  were  sized  and 
located  based  on  measurements  made  on  Schlieren  photographs.  The  discs  were 
circular  in  shape  and  the  smaller  was  3-7  inches  in  diameter  located  at 
model  station  22.32  while  the  larger  was  5-3  inches  in  diameter  and  was 
located  at  model  station  22.9^.  Figure  179  presents  an  oil  flow  comparison 
between  the  larger  disc  and  a  nozzle  1  plume  with  a  Jet  pressure  ratio  of 
17000  which  shows  the  separation  shapes  to  be  similar  although  the' disc  appears 
to  induce  slightly  more  separation.  Figure  I80  shows  that  smaller  disc 
appears  to  cause  a  slightly  deeper  separated  area  than  the  larger  disc  but 
not  quite  as  deep  as  the  plume  induced  separation  case.  However,  when  we 
compare  centerline  pressure  distributions  for  the  disc  with  that  of  plume 
induced  separation  we  see  that  the  data  for  the  larger  disc  correlates 
well  with  the  nozzle  6  data  at  a  jet  pressure  ratio  of  I7OOO  (Figure  181) 
while  the  smaller  disc  (Figure  182)  shows  very  little  separation  and  would 
correlate  with  a  plume  of  jet  pressure  ratio  less  than  L-OOO.  The  discs 
were  sized  for  the  jet  pressure  ratio  of  17OOO  cases  where  the  smaller 
disc  was  sized  by  the  diameter  of  the  plume  were  the  boundary  layer  inter¬ 
sected  the  plume  and  the  larger  by  the  separation  shock  intersection. 

Evidently  if  that  point  could  be  predicted  a  disc  could  possibly  be  used  to 
represent  the  plume. 
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SECTION  4 
data  analysts 

(c)  The  general  approach  (reference  10  ), which  has  usually  been  taken  for  the 
problem  of  predicting  plume  induced  separation,  has  been  to  assume  that  the 
control  induced  separation  data  defining  the  relationship  between  separation 
point  and  plateau  pressure  is  valid  for  the  plume  problem.  Thus  a  separation 
point  is  assiuoed,  a  plateau  pressure  coefficient  Is  cooyuted  and  is  used  to 
aefine  the  plume  boxmdary.  A  criteria  for  defining  re -attachment  of  the 
separated  flow  on  the  plume  is  established  and  then  the  problem  can  be  iterated 
assuming  separation  points  and  finding  reattachment  points  until  the  separation 
wedge  geomet.rv  is  satisfied. 

(c)  Figure  57  presents  typical  pressure  profiles  through  the  plume  induced 
separate  1  region  showing  pressxire  profiles  which  are  similar  to  those 
jbserved  for  control  induced  separation  although  the  pressiire  continues  to 
rise  throughout  the  separated  region  and  can  have  a  peak  on  the  end  of  the 
surface.  The  shape  of  the  distribution  tends  to  be  similar  to  that  expected 
for  a  tui'bulent  type  conpression  corner  separation  rather  than  that  for  the 
laminar  case. 

(C)  The  approach  which  has  been  utilized  in  the  analysis  of  this  data  was  to  try 
first  to  determine  the  parameters  necessary  to  correlate  plume  shape  and  based 
on  this  to  try  to  define  the  relationship  of  the  separation  parameters  to  the 
plume  shape.  Thus  the  analysis  section  will  be  divided  into  the  following 
subsections: 

4.1  Plume  Shape  Analysis 

h.2  Separation  Point  Analysis 

4.3  Plateau  and  Base  Pressures  Analysis 

4.4  Recommended  Method 

4.1  PLUME  SHAPE 

(c)  Two  pieces  of  information  were  available  and  read  .  from  the  Schlieren  photographs 
which  are  related  to  plvune  shape.  They  are  initial  turning  angle  of  the  plume 
and  plume  initial  radius.  These  are  the  only  data  which  can  be  used  to  define 
plume  shape  ii  the  photographs  since  the  region  of  flow  reattachment  to  the 
plume  completely  changes  the  shape  thereafter.  Assuming  Latvala's  model 
(reference  I3  )  these  are  sufficient  to  define  the  plmne  contour  close  to 
the  body. 

(C)  4.1,1  INITIAL  TURNING  ANGLE.  Figure  I83  presents  the  data  for  the  plume 
initial  turning  angle  for  the  sonic  nozzles  (nozzles  1  and  6)  compared  to  the 
Prandtl-Meyer  turning  angle  for  the  pressure  ratio  at  the  exit.  The  ratio  of 
exit  pressure  to  meastired  base  pressure  was  used  because  the  base  pressure  is 
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the  most  representative  external  pressure  at  the  nozzle  exit.  The  data  shows 
a  fair  amount  of  scatter  indicating  the  difficulty  of  making  the  measurement, 
however,  there  is  no  apparent  Mach  number  effect  and  no  angles  over  90  degrees 
were  measured  although  the  Jet  pressure  ratios  should  cause  flow  into  the 
base  at  angles  greater  than  90°accordlng  to  the  Prandtl-Meyar  turning  angle 
limit.  The  data  available  on  the  3  nozzles  with  an  expansion  ratio  of  2.25 
and  different  exit  angles  is  much  more  sparse  but  is  presented  in  Figxtre  l8k. 
The  initial  expansion  angle  was  meas\ared  with  respect  to  the  nozzle  centerline 
and  so  the  exit  angle  of  the  nozzle  must  be  added  to  the  Prandtly -Meyer 
turning  angle.  The  data  for  the  7-5°  15°  nozzles  is  fairly  close  to  the 

predicted  turning  angle,  however,  the  30°  data  is  within  the  scatter  of  the 
other  two  nozzles.  Considering  the  scatter  of  the  data  and  the  poor  coinpari- 
son  with  the  predicted  turning  angle  of  Figures  I83  and  l84  this  data  does 
not  appear  useful  in  developing  improved  pltime  boundaxy  predictions.  The  data 
did  show,  however,  no  turning  angles  greater  than  90®  and  this  fact  was  used 
in  the  radius  computation. 


(c)  4.1.2  PLUME  INITIAL  RADIUS.  The  initial  radius  of  e  plume  is  dependent  only 
on  Jet  exit  Mach  number  in  the  Latvala  model  and  it  is  the  initial  turning  angle 
which  depends  on  Jet  pressure  ratio.  The  plume  size  as  seen  in  the  Schlieren 
photographs  strongly  depended  on  jet  pressure  ratio  and  with  no  consistent  trend 
seen  in  the  initial  turning  angle,  the  Tatvala  model  initial  radius  did  not  agree 
with  the  test  results.  The  Lockheed  5  point  method  (reference  10)  was  then  used 
to  define  the  plume  boundary  which  was  fitted  with  a  hyperbolic  curve  so  that  the 
initial  radius  could  be  computed.  The  curve  fit  was  then  used  to  evaluate  the 
plume  diameter  at  two  points  close  to  the  nozzle  (arbitrary  chosen  as  one  and  two 
nozzle  exit  radii  away  from  the  nozzle)  and  the  radius  of  the  curve  which  fit 
through  these  three  points  (x  =  0,  x  =  r  ,  x  =  2r  )  was  computed  as  the  initial 
plume  radius.  ®  ® 


The  Lockheed  5  point  model  is  given  as; 


f. 

1 


_A..  _£fL  (1  +  y„  M^^'^^Ci  -  sin  e  )"^ 

Poj  N 
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=  nozzle  chamber  pressiire 
=0  ambient  pressure  at  exit 
=  free  stream  Mach  number 
ss  specific  heat  ratio 


(c)This  method  was  derived  in  reference  10  for  an  exhaust  gas  specific  heat 
ratio  of  I.38  and  zero  angle  of  attack. 


(Cj  The  hyperbolic  curve -fit  (KABD)  which  was  fitted  through  four  points  (x  =  0 
nozzle  exit,  x  =  l/k  x 
equation 

(8) 


r  = 


max  V  '  max' 

_JL_  +  B  +  D  X 
x-A 


where  K,  A,  B,  and  D  were  determined  by  the  four  points.  This  curve  has  no 
maximum  or  minimum  values  nor  does  it  have  any  points  of  inflection  in  the 
range  where  it  is  fitted  thus  the  local  slope  at  the  nozzle  exit  can  never 
exceed  90°  at  the  nozzle  exit  but  then  Figures  I83  and  l84  Indicate  that  it 
never  does.  A  number  of  the  plime  contours  were  also  fitted  with  a  curve 
of  the  form  (paraboJnc) 

r  =  A  X  +  B  X  +C  (9) 
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and  the  initial  radius  confuted  from  this  fit  was  found  to  agree  with  the 
KABD  fit.  Higher  order  ciurves  were  not  tried  because  it  was  felt  that  the 
maximum  cvirvature  was  between  the  nozzle  md  the  first  plume  contour  point 
■  and  without  additional  points  to  fit  in  this  area  nothing  could  be  gained 
by  higher  order  fits. 

(c)  Figures  I85  and  186  presents  a  comparison  of  initial  radius  as  measured  from  the 
Schlleren  pictures  compared  with  the  initial  radius  using  equations  1  through 
8  with  the  data  presented  by  Mach  and  nozzJe. 

(C)  Ihe  data  shows  that  there  Is  a  considerable  amount  of  scatter  In  the  measured 
radius  but  no  radiiis  exceeded  10  inches  while  the  computed  radius  based 
on  P  ./P«,  exceeded  30  inches  for  the  sonic  orfice  (nozzle  6)  at  the  higher 
Jet  tdtal  pressures.  The  scatter  in  the  data  is  apparently  caused  by  the 
large  radius  resulting  from  increasing  Jet  total  pressure  ratio.  All  Mach 
numbers  are  incl'O'if  l  in  this  comparison  but  this  is  not  the  prime  cause  of 
the  scatter.  Since  we  are  interested  in  the  contour  in  the  region  of  plume 
induced  separation  in  which  pressures  sire  higher  than  ambient  it  was  eiqpected 
that  this  computation  would  result  in  large  scatter  and  that  a  better  repre¬ 
sentation  of  plume  shape  woiold  be  obtained  if  the  pressure  in  the  separated 
region  were  used  in  the  Jet  pressxxre  ratio  term  of  equation  1.  Analytic 
methods  have  generally  aissumed  that  plateau  pressure  In  the  separation  region 
determined  the  base  pressure  and  is  a  function  of  Mach  and  Reynolds  n-umber  at 
separation  so  that  it  is  reasonable  to  assume  that  the  pressure  ratio  shoxxld 
be  Jet  total  pressure  divided  by  plateau  pressure.  Figure  I87  presents  the 
;:ompari5on  of  radii  based  on  plateau  pressure,  which  shows  a  large  reduc¬ 
tion  in  coorputed  initietl  radius  compared  to  Figure  I86  but  the  computed  radii 
at  the  Tilgher  total  pressures  still  indicate  that_  _the  pressure  ratio  term 
or  some  other  parameter  related  to  pressure  ratio  is  too  strong  in  the  pre¬ 
diction  equation.  The  expansion  ratio  2.25  and  10  data  shows  too  large  a 
computed  radius  but  this  was  attributed  to  the  relatively  large  values  of 
total  pressure  ratio  tested  with  these  nozzles.  It  appears  that  the  problem 
is  that  the  press\ire  ratio  term  in  eq.Tiation  1  is  too  strong  and  a  pressure 
ratio  factor  can  be  derived  to  reduce  this  effect.  Equation  1  was  modified  to 


and  the  constant  (1.076)  in  equation  2  was  increased  to  1.6  and  the  effect 
of  exhaust  gas  specific  heat  has  been  introduced  through  the  factor  on  Jet 
pressure  ratio.  Figure  l88a  presents  the  results  of  these  changes.  The 
constant  of  equation  2  was  changed  based  on  an  unpublished  check  of  equations 
1-7  made  at  General  Dynamics  on  plxome  data  obtained  in  flight  test.  Figure  l88a 
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shows  that  the  data  Is  now  grouped  around  the  correlating  line  although  there 
is  still  a  large  amount,  of  scatter.  Figures  l8Sb  and  c  show  that  this  remaining 
scatter  has  no  apparent  Mach  nxoinber  or  Reynolds  number  trends.  Figures  l88d 
throi^gh  f  also  show  no  consistent  trends  for  exhaust  gas,  model  geometry,  or 
■  nozzle  location. 

(c)  The  data  was  checked  to  try  and  reduce  reading  error  and  also  for  any  further 

parameters  which  showed  large  variation  and  which  had  not  been  taken  into  account 
by  the  plume  model.  It  was  found  that  although  the  gas  supply  tenperature 
had  been  controlled  there  was  significant  variation  in  simply  temperature  between 
data  runs.  A  temperature  correction  was  incorporated  into  eqxiation  10  based 
on  the  ratio  of  nozzle  total  tenperature  to  free-stream  total  temperature: 

,  /  p  m  -5  ? 

(-^)  (l-sln»„)  (U) 

and  the  results  are  shown  in  Fig:ire  I89.  Comparing  Figure  l89a  to  Figure  l88a 
shows  that  a  reduction  In  the  scatter  had  been  achieved  but  not  the  desired 
amount  and  Figure  l89b  shows  that  this  reduction  in  scatter  occurred  mostly 
in  the  Mach  8  and  10  data.  A  number  of  other  temperature  relationships  were 
tried  withou-  results  until  it  was  decided  that  the  pressvure  and  temperature 
should  he  to  the  same  power  and  that  nozzle  exit  static  temperature  ratioed  to 
ambient  should  be  the  best  teuperature  ratio  and  equation  {,!)  was  modified 
to:  FT.  9 

f  =  _J^  _J_  (1  +y«,  m1)  (1  -  sin  e„)  (12) 

1  A  p  fp  ri 

( c)  Figure  I90  showed  that  this  relationship  causes  the  sonic  nozzle  computed 

_ ratios  ta  be^  too— small  compared  *0  the  measured  values,  which  can  be  adjusted 

in  the  constants  of  equations  2  or  b,  and  makes  the  scatter  in  the  sonic . 
data  appear  to  be  fairly  small  primarily  due  to  the  small  values  of  ; 
conputed  radius.  The  data  exhibits  a  strong  trend  based  on  expansion  ratio 
which  was  not  seen  previously  and  which  was  caused  by  temperature  effects 
masking  the  expansion  ratio  effect. 

(c)  3oth  equations  1  and  3  contain  e;g>ansion  ratio  as  a  factor, however  they  act 

in  opposite  waysj  expansion  ratio  in  equation  1  acts  to  reduce  x^^^  and 

hence  #  while  that  in  equation  3  acts  to  increase  The  desired  effect 

^max  ^  max 

is  to  reduce  and  necessarily  x  to  keep  the  Initial  turning  angle  large 

thus  equation  J^^was  modified  by  mu5??plylng  by  expansion  ratio.  Because  tenper- 
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ature  is  a  linear  factor  it  is  expected  that  the  exhaust  gas  specific  heat 
belongs  in  the  equations  with  the  tenIperat^lre  ratio.  These  changes  did  not 
eliminate  the  differences  caused  by  freestream  Mach  number, which  is  a  weak 
term  in  equations  1  and  3, but  apparently  is  causing  a  difference  in  the 
congnited  radius  that  is  not  seen  in  the  measured  radius  or  any  other  separation 
terms.  Therefore  the  Mach  dependent  terms  were  eliminated  in  equations  12  and 
3  and  equation  12  becomes: 


f 


1 


^  jS—iiL.  (l  -  sin  9  )  ^  /  A  \ 

"  U) 


(13) 


While  equation  3 


= 


becomes: 

t 

Xjnax 


l/k 


(l  -  sin 


hi 


(Ih) 


(c)  The  constants  of  equations  3  and  4  were  modified  to  account  for  these  changes 
and  the  results  are  shown  in  Figure  191*  The  scatter  is  still  large  but  is 
much  improved  over  the  original  comparison  of  Figure  I87.  The  remaining 
scatter  is  due  in  large  part  to  the  reading  error  in  measuring  plume  radius 
from  Schlieren  photographs,  however,  it  is  also  partly  due  to  the  scatter  in 
the  measured  plateau  pressure  which  is  used  in  the  plume  computation.  The 
KABD  curve  fitting  technique  and  method  of  conrputing  initial  radius  for  the 
plume  computation  also  must  add  some  scatter  and  the  initial  turning  angles 
computed  from  the  curve  fit  tended  to  be  about  10  degrees  low  compared  to  the 
test  data.  Selection  of  another  equation  to  fit  the  data  which  results  in 
closer  agreement  on  initial  turning  angle  may  improve  the  correlation, 
however,  it  is  believed  that  the  major  parameters  have  been  Identified  Eind 
accounted  for  through  the  techniques  described  in  this  section. 


(c)  In  summary,  the  Lockheed  5  point  plume  model  has  been  modified  to  predict  a 
Pseudo  plume  shape  which  provides  a  better  measure  of  plume  induced  separa¬ 
tion  interactions.  The  revised  parts  of  mocJel  are; 

f  =  J? _  (1  -  sin  0„)  /  ^  \  (15) 

X  --563 

-SM  =  .75Q  f,  (16) 

r  1 
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and  equations  3  to  ^  remain  unchanged. 

(C)  This  model  cannot  be  e3q)ected  to  match  plume  contours  far  from  the  nozzle 
nor  for  plumes  where  no  plume  induced  separation  has  occurred  and  much  work 
needs  to  be  done  to  obtain  plume  contour  data  in  regions  of  plume  induced 
separation  so  that  better  models  can  be  generated. 

k.2  SEPARATION  LENGTH  ANALYSIS 

(c)  Figure  192a  presents  a  sketch , from  reference  14,  of  compression  corner  induced 
separation  and  the  various  parameters  used  to  define  it.  Laminar  flow 
compression  corner  induced  separation  is  generally  characterized  by  a  pressure 
rise  to  a  plateau  on  the  surface  ahead  of  the  corner  which  is  carried  onto 
the  flap, Where  in  the  coiorse  of  the  flow  re-attaching  to  the  surface,  the 
pressure  rises  to  another  plateau  on  the  flap.  The  distance  from  the  leading 
edge  of  the  surfane  to  the  start  of  the  pressure  rise  is  defined  interaction 
distance  (X  )  and  this  point  measiured  forward  from  the  hinge  line  has  been 
called  up-s?ream  interaction  length  (d^).  The  distance  from  the  start  of 
interaction  to  the  plateau  pressure  had  been  defined  as  free -Interaction 
length  (dj^).  These  along  with  plateau  pressure  are  the  separation  parameters 
which  we  will  deal  with  in  this  analysis,  Figure  192b.  The  reference  point 
for  measuring  upstream  interaction  length  has  been  defined  as  the  plane  of 
the  nozzle  «xit.  55ie  down  stream  parameters  dependent  on  the  plume  and 
cannot  be  measured  directly  except  that  the  re-attachement  point  was  scaled 
from  the  Schlleren  pictures. 

(C)  4.2.1  UPSTREAM  INTBRACTICN  LENGTH  AT  ZERO  ANGLE  OF  ATTACK.  Figure  193 
presents  a  compilation  of  upstream  Interaction  length  data,  for  the  delta 
configuration  at  zero  angle  of  attack, plotted  against  jet  total  pressiire 
ratio.  Total  pressure  ratio  is  used  since  it  was  found  to  be  a  better 
parameter  than  exit  static  press\ire  and  since  total  pressure  is  the  parameter 
used  in  the  plume  computation  equation  15-  This  curve  briefly  shows  that  there 
is  a  distinct  effect  of  nozzle  size,  nozzle  expansion  ratio,  and  nozzle 
exit  angle.  The  data  for  Mach  6,  8,  and  10  are  presented  in  this  plot  and 
this  causes  some  scatter  in  the  nozzle  6  data  but  free  stream  Mach  appears  to 
be  a  very  weak  parameter  which  was  also  shown  in  Figure  IO3.  Plume  induced 
separation  appears  to  be  very  similar  in  general  charEUiteristics  to  that  of 
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of  control  induced  separation  so  that  soiae  compariBonB  with  control  induced 
separation  parameters  are  in  order.  Thus  Figure  194  presents  a  confparlson 


ratio  with  curves  from  reference  l4  ,  The  parameter  ( d.  /  6  L)  is  the 
upstream  interaction  length  ratioed  by  the  Tami nar  bovindSry  layer  thickness  at 
the  interaction  point  which  was  defined  from  reference  14  as: 


(20) 


and 


Subscript  a  defines  local  conditions  at  a  point  on  the  body  accounting  for 
angle  of  attack  effects. 
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(c)  The  data  on  Figure  19^  shows  a  large  spread  by  Mach  number  which  Is  primarily 
caused  by  the  use  of  the  plateau  pressure  ratio.  Figure  104  showed  the 
differences  in  plateau  pressure  ratio  which  were  accounted  for  by  using 
plateau  pressure  coefficient  {Figure  105),  'llJe  control  induced  is  perhaps 
'  more  similar  to  turbulent  control  separation  since  it  does  not  show  the  long 
plateau  of  pressure  as  the  laminar  case,  thus  turbulent  boundary  layer 
thickness  weis  defined  ( reference  i4  ) 

0.15U  X 


‘“'ax)  (fe)  &) 


ITT 


0.154 


(Re  ) 


ax' 


17? 


(24) 


and  the  t-iurbulent  separation  correlation  (reference  l4  )  was  atten5)ted  as 
shown  in  Figure  193,  Ihe  data  shows  a  smaller  spread  from  Mach  number  effects 
because  the  ordinate  contains  local  Mach  however,  neither  figures  194  or  195 
show  much  agreement  between  the  pltune  induced  senaration  and  control  separa¬ 
tion  it  is  presumed  because  the  plume  represents  a  curved  mixing  boundary 
which  Injects  mass  into  the  separation  region. 


(C‘)  Figure  193  showed  that  the  primary  parameters  acting  on  upstream  Interaction 
length  were; 

a)  exhaust  pressure  ratio 
bj  nozzle  size 

c)  nozzle  expansion  ratio 

d)  nozzle  exit  angle. 


(c)  These  parameters  eire  all  accounted  for  in  the  plume  shape  equations  and 

since  it  would  be  very  desireable  to  be  able  to  correlate  upstream  interaction 
(Length  with  plume  size;  correlations  were  made  with  a  number  of  pliane  para¬ 
meters  such  as  e;g)0sed  plume  height,  plume  initial  radius,  plume  maximum 
radius  and  plume  initial  turning  angle. 


(c)  Figure  I96  presents  a  correlation  of  upstream  interaction  length  ratioed  by 
laminar  boundary  layer  thickness  at  sepai'ation  from  equation  19  plotted  es 
a  funct.^on  of  plume  maximum  diameter  from  equations  15  to  18.  The  scatter 
is  due  in  part  to  the  magnifying  of  separation  location  error  involved  by 
ratioing  to  boundary  layer  thickness  and  also  to  the  scatter  in  plateau 
pressure  being  incorporated  into  the  plume  diameter  computation.  A  tentative 
line  has  been  faired  through  the  data  and  its  equation  is 
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where 


75  (Bsa*  .  -  g^) 


upstream  interaction  length 


laminar  boundary  layer  thickness  at 


=  Pseudo  plume  maximum  diameter 


Z  =  distance  from  nozzle  centerline  to  surface 
n 

(C)  The  term  Zq  has  been  included  because  the  data  Indicates  that  there  is  no 

separation  where  the  plvune  is  not  visible  to  the  flow  along  the  surface.  The 
upstream  interaction  length  is  measured  forward  from  the  plane  of  the  nozzle 
exit  so  that  nozzle  axial  location  Is  accounted  for  in  this  manner. 

(C)  Figure  197  presents  another  correlation  of  upstream  interaction  length  which 
shows  as  good  a  correlation  as  the  preceeding  figure.  This  figure  presents 
interaction  length  directly  as  a  function  of  pliune  maximum  diameter  for  a 
unit  Reynolds  number  of  .5  x  ICr/ft.  The  data  at  other  Reynolds  number 
(Figure  198)  indicates  that  there  is  a  Reynolds  number  effect  which  decresises 
interaction  length  with  increasing  unit  Reynolds  nuznber.  A  curve  has  been 
fitted  through  this  data  and  is  given  by  the  equation: 


tk  «  .656  X  10^  (%ax  _ 

L  h 

L  =  vehicle  length 


2Z  *6 
b 


(R^/X) 


R  /X  =  lailt  Reynolds  nuznber  (ft)  ^ 
e 


where  the  definition  of  other  terms  is  the  same  as  equation  25.  Ihe  plume 
diameter  is  non-dimenionallzed  in  both  equations  25  and  26  by  vehicle  span  at 
the  base  since  it  was  believed  that  this  is  a  better  parameter  to  use  rather 
than  vehicle  length  for  finite  span  vehicles. 

(c)  Vehicle  length  was  used  as  the  parazaeter  for  the  flat  plate  data  shown  in 
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Figure  199  where  the  data  indicates  nearly  a  straight  line  trend  and  where  a  curve 
-  107  J^nax  -  ^  (2?) 

L  L 

has  bean  fitted. 

4.2.2  UPSTREAI/.  IMTERACTION  LENGTH  AT  POdlTIVS  AMPLE  OF  AmCK.  Control 
separation  analysis  treats  i>ositive  angle  of  attack  by  considering  that  the 
pressure  at  the  interaction  point  is  solely  determined  by  the  local  slope  of  the 
surface  relative  to  the  stream.  Thus,  knowing  the  pressure,  the  other  conditions 
are  determined  and  solved  by  extending  the  aero  angle  of  attack  solution.  The 
plateau  pressvire  data  of  Section  4.4  shows  that  this  is  true  and  thus  the 
correlations  were  tried  in  which  the  plateau  pressure  term  of  equation  15 

was  corrected  by 

^  =  Pp  +  (88) 

Pp  =  Plateau  press\tre 

ss  pressure  due  to  local  slope 

and  figures  200  and  201  show  that  approximation  works  fairly  well  because  it 
causes  the  plume  to  become  much  smaller  as  angle  of  attack  increases  which 
agrees  with  the  Schlieren  results.  There  is  a  region  of  scatter  due  to  the 
data  where  no  plateau  exists  because  the  upstream  interaction  length  is  less 
than  the  free  interaction  length.  In  this  case  it  is  recommended  that  the 
plateau  pressure  used  be  defined  by 

^  =  K  ^  (29) 

where  plateau  pressure  will  be  defined  in  Section  4.4. 

4.2.3  UPSTREAM  INTERACTIOM  LENGTH  ON  LEEWARD  SURFACES.  The  data  up  to  this 
point  has  been  all  data  from  the  bottom  surface  of  the  delta  principally 
because  it  is  a  flat  surface  without  the  geometric  complications  of  the 
upper  surface.  The  preceedlng  section  shows  very  well  why  the  flow  never 
proceeded  past  the  expansion  corner  at  zero  angle  of  attack*  This  is  because 
the  local  slope  of  the  front  faces  of  the  body  are  at  about  8  degrees  to 
the  stream.  The  upper  surface  separation  remains  essentially  at  the  eaqpan- 
sion  corner  until  the  forward  faces  of  upper  surface  disappears  from  the 
flow.  The  base  pressure  and  upper  surface  plateau  pressure  were  controlled 
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by  lover  surface  separation  (Figure  15^).  When  no  part  of  the  upper  sxirface 
is  at  a  positive  local  slope  the  plume  is  shielded  by  a  considerable  aa^unt 
of  stiTface  from  being  exposed  to  the  flow  and  Figure  209  presents  a  comparison 
of  upper  surface  interaction  data  with  equation  27,  using  an  estimated  height 
to  expose  the  plume  to  the  flow.  Hie  correlation  is  not  very  good  for  the 
case  with  large  separation^  however,  the  interaction  location  is  not  very 
precise  either  because  of  the  sparseness  of  pressure  taps  near  the  front  end 
of  the  vehicle.  It  would  ^pcar  that  using  a  exposure  height  as  a  function 
of  angle  of  attack  body  thickness,  and  length  would  be  a  first  approximation 
for  estimating  upper  surface  separation  location. 

(C)  Very  little  data  was  obtained  on  the  flat  plate  at  negative  incidence  and  as 
shown  in  Figure  203  the  data  shows  the  separation  moves  forward  slightly  with 
Increasing  negative  angle  of  attack.  !rbe  nose  bluntness  Induced  pressures 
apparently  keep  it  from  spreading  much  further  forward  on  the  plate.  The 
only  criteria  which  might  be  tried  Is  to  assiuoe  zero  angle  of  attack,  conpute 
the  flat  plate  pressures  without  a  plume,  and  find  the  plateau  pressure 
resulting  from  this  condition.  Determine  where  the  presswe  at  negative 
incidence  is  equal  to  that  a  zero  incidence  and  use  that  as  the  interewtlon 
point  along  with  the  zero  angle  of  attack  plateau  pressure, 

(c)  ^^.2.A.  FREE  UJTERACTIOM  LENGTH.  The  first  part  of  the  pressure  profile, from 
the  interaction  point  to  the  start  of  the  plateau  pressure  region, has  been 
called  the  foee  Interaction  length  because  it  is  generally  assumed  that  this 
region  is  dependent  only  on  the  local  flow  conditions  in  this  region, and  on 
the  plateau  pressure  and  not  on  the  mechanism  which  is  causing  the  separation 
to  occiir.  The  data  was  cotspared,  therefore,  to  the  free  Interaction  length 
correlations  of  reference  14  which  were  derived  from  control  induced  separation 
and  the  results  assuming  a  laminar  boimdary  layer  (equation  19)  are  shewn  dn 
Figure  aol)-  and  assuming  a  turbulent  boundary  layer  (equation  2k)  in  Figure  205. 
In  both  cases  the  data  indicates  a  scatter. primarily  based  on  Mach  number, 
which  is  due  to  using  the  plateau  pressure  ratio  rather  than  plateau  pressure 
coefficient  as  the  ordinate.  In  neither  case  is  the  agreement  very  good  with 
the  correlating  line  derived  from  the  control  data  and  it  is  assumed 
the  difference  occxirs  because  plume  gases  are  mixed  into  the  separation 
region.  It  is  reasonable  to  expect  that  the  flow  should  be  laminar  for  .• 
most  of  the  cases  analyzed  here  so  the  data  from  Figure  204  was  recorrelated 
using  plateau  pressure  coefficient  as  the  correlating  parameter  and  the  results 
are  shown  in  Figure  206.  The  scatter  seen  in  Figure  204  has  largely  dis^peared 
through  the  use  of  plateau  pressxire  coefficient  as  the  ordinate;  the  data  at 
the  lower  end  of  the  curve  tends  to  have  more  scatter  because  many  of  these 
points  are  taken  in  the  region  where  the  p}a.teau  region  on  the  vehicle  was 
very  short  and  measured  values  of  plateau  pressure  and  free  interaction  length 
both  become  more  doubtful.  A  correlating  line  was  faired  thiough  the  data  and 
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equation  is: 


where 


A 

<5l 


L  2.53 
2.33  X  10  (Cp  ) 

P 


=  free  interaction  length 


(30) 


6  r  -  laminar  boundary  layer  thickness  at  interaction  point 
L 


Cp  =  plateau  pressure  coefficient 


4.3  PLATEAU  PRESSURE  ANALYSIS 

(c)  Plateau  pressirre  is  the  most  important  parameter  to  be  correlated  for 
plume  induced  separation  because  it  must  be  predicted  before  the  plume 
shape  can  be  predicted  (equation  15), which  must  be  known  to  predict  inter¬ 
action  location  (equation  25), and  plateau  pressure  is  needed  to  predict 
free  interaction  length  (equation  30)*  Thus,  the  whole  definition  of  the 
problem  depends  on  steirting  with  a  plateau  pressure  prediction.  Figure  159 
showed  that  the  plateau  pressure  and  the  base  pressure  were  definitely 
related  and  the  data  was  examined  to  determine  whether  base  pressure 
determined  plateau  pressure  or  if  the  reverse  were  true.  Figure  207  pre¬ 
sents  base  pressure  as  a  function  of  the  initial  turning  angle  of  the  flow 
from  the  nozzle  corrputed  using  Prandtl-Meyer  relationships  end  accounting 
for  the  nozzle  exit  angle.  The  spread  of  the  data  indicates  that  base 
press'ure  for  a  given  nozzle  depends  on  some  other  parameter  but  not  on  initial 
turning  angle.  In  contrast,  Figure  208  presents  base  pressure  as  a  function 
of  Reynolds  numi'er  at  the  interaction  point  and  the  data  shows  a  consistent 
trend  for  all  nozzles.  Thus,  thesi  figures  indicate  rather  strongly  that  the 
plateau  pressure  determines  base  pressure  and  not  the  reverse  and  as  a  conse¬ 
quence  of  this  it  would  be  expected  that  the  plateau  pressure  relationships 
should  depend  more  on  tne  parometers  which  influence  control  induced  separa¬ 
tion  rather  than  nozzle  exit  parameters. 

4.3.1  PLATEAU  PRESSURE  AT  ZERO  ANGLE  OF  ATTACK 

(C)  Figures  209  and  210  present  comparisons  of  the  plateau  pressure  data  to  the 
laminar  and  turbulent  boundary  layer  plateau  pressures  correlations  of 
reference  lA  ,  The  data  shows  closer  ag’^eement  with  the  laminar  relationship 
(Figxire  209)  even  though  the  general  shape  of  the  pressures  in  the  separated 
region  tend  to  be  more  like  that  of  a  turbulent  boundary  layer  control  separa¬ 
tion.  The  primary  cause  of  the  spread  in  the  data  appears  to  be  Mach  number 
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and  the  trend  in  the  data  at  a  given  Mach  number  does  not  appear  to  agree 
with  the  correlating  line. 

(C)  Figure  211  presents  a  correlation  of  plateau  pressure  from  reference  10  in 
which  the  relationship  of  Figure  209  was  corrected  by  Jet  pressiire  ratio. 
The  data. has  the  same  general  trend  as  the  correlating  curve  Of  reference  10 
but  has  a  very  Isirge  scatter  induced  primarily  by  the  different  nozzles.  A 
better  curve  fitted  through  this  data  would  be 

p  p 

A  =  .271  (  J/ « ) 


but  would  probably  be  valid  only  for  sonic  nozzles  or  low  expansion  nozzles. 

(c)  The  base  pressure  data  of  Figure  208  indicated  a  strong  relationship  with  the 
Reynolds  niunber  at  separation  and  the  same  is  seen  in  Figure  212-  The 
scatter  is  less  in  this  figure  than  in  the  other  correlations  (Figures  209 
and  21l)  and  it  appears  that  the  same  relationships  holds  for  the  flat  plate 
data  shown  in  Figure  213 .  Both  Figure  212  and  213  conipare  well  with  each 
other  and  the  Reynolds  number  used  for  comparison  in  each  is  the  free-stream 
Reynolds  number.  The  data  are  presented  together  in  Figure  214  which  contains 
data  at  all  3  Mach  numbers  and  all  Reynolds  numbers  tested.  An  approximate 
curve  has  been  fitted  through  the  data  and  its  equation  is; 

Cp  =  20.4  R  (32) 

®o 

where  Cp  =  plateau  pressure  coefficient 

R  =  Reynold  i  mber  at  the  upstream  interaction  point 
®o  based  on  .  x’ee  stream  conditions 

(c)  Figture  215  presents  the  data  correlated  using  the  Reynolds  based  on  local 
conditions  at  the  interaction  point  based  on  equations  20  to  23-  The  data 
shows  the  same  trend  as  the  previous  figure  with  an  increase  rather  tlian  a 
reduction  scatter.  An  approximate  curve  has  been  fitted  through  this  data 
and  is  given  as:  f- 

Cp  =  19.8  R  (33) 


(c)  No  other  parameters  were  found  to  reduce  the  scatter  in  Figures  214  or  2157 
however,  because  of  the  shape  of  the  pressure  curve  in  the  separated  region 
did  not  have  a  true  flat  plateau  most  of  the  remaining  scatter  is  believed 
to  be  reading  error. 
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(c) 


4.3.2  PLATEAU  PRESSURE  ON  WINDWARD  SURFACES.  The  rapid  collapse  of  the 
separated  region  with  increasing  angle  of  attack  left  few  cases  where  the 
upstream  interaction  region  was  longer  than  the  free  interaction  region  and 
so  few  values  of  plateau  pressure  were  available  to  correlate.  Figure  2l6 
pt^sents  the  data  as  plateau  pressure  coefficient  defined  as 


Pp  -  Pa 

%  .TP.,  m2 


(34) 


where  P(^ 


•  TEcM*" 


=  pressure  on  surface  due  to  local  slope  to  stream  ~  PSI 
=  plateau  pressure  coefficient 

=  plateau  pressure  ~  PSI 
=  dynamic  pressure  ~  PSI 


(c)  These  data  compare  fairly  well  with  the  data  of  Figure  214  and  so  this  is 
the  recommended  approach  to  use  aD,d  is  the  basis  of  equation  28 . 

When  upstream  interaction  length  is  shorter  than  free  interaction  length 
no  plateau  occurs  and  it  appears  that  the  pressxire  at  the  end  of  the  vehicle 
can  be  approximated  by  computing  a  plateau  pressure  and  ratioing  it  down  by 
the  ratio  of  these  lengths 

Cp  «  (^)  (35) 

E  "P 


(C)  4.3.3  PLATEAU  PRESSURE  OM  LEEWABD  SURFACES.  Figure  154  demonstrated  that 
the  plateau  pressure  aft  of  the  expansion  corner  at  zero  angle  of  attack  was 
essentlaU.y  that  of  the  lower  surface  plateau  pressui'e.  As  long  as  the 
vehicle  upper  surface  shields  the  plume  (i’igure  202  );,  Figure  l43  shows  that 
the  plateau  pressure  declines  with  Increasing  angle  of  attack,  however,  when 
the  plume  becomes  large  enough  to  be  exposed  to  the  flow  the  plateau  pressure 
increases  ret\iming  to  near  the  zero  angle  of  attack  values.  A'  first 
approxiiTiation  of  angle  of  attack  effects  would  be  to  use  the  lower  surface 
pressure  from  equations  34  or  35  to  define  the  upper  surface  pressure  coeffici 
ent  so  long  as  the  plume  is  hidden  by  the  body  and  the  zero  zngle  of  attack 
value  if  the  plume  is  net  hlddsn  by  the  borjy. 


4.4  RECOMEMDED  METHOD 

(c)  Sections  4.1  to  4.3  give  the  basis  of  a  model  for  plume  Induced  separation 

which  can  be  used  to  predict  magnitude  of  the  plateau  pressure  and  the  extent 
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of  the  surface  of  a  vehicle  which  Is  affected  hy  it.  This  model  however 
requires  iteration  to  converge  to  a  solution  and  thus  precludes  drawing 
general  design  charts  which  would  be  applicable  to  a  number  or  configurations 
over  a  range  of  flight  conditions.  The  model  is  in  the  form  of  equations  which 
could  be  inplemented  into  a  computer  program  to  provide  the  iterating 
mechanism  to  allow  rapid  solutions  of  this  problem.  The  basic  elements  of 
the  plume  induced  separation  model  are  outlined  below; 

1.  given 

a)  vehicle  geometry 

b )  nozzle  geometry 

c)  nozzle  chamber  and  exit  conditions 

d)  flight  conditions 

2.  compute  pliime  maximum  diameter  using  Lockheed  5  point  model 

(equations  1  to  4)  and  flight  conditions 

3.  If  plume  is  not  exposed  to  air  stream  there  is  no  separation. 

(C)  4.4.1  WIMDWARD  SURFACES. 


1.  If  plume  is  e^qwsed  to  air  stream  separation  may  have  occurred  and 
iteration  is  necessary  on  each  surface  of  the  vehicle. 

2.  On  a  given  surface  exposed  to  the  stream  assume  a  separation  location 
and  compute  pressure  based  on  local  slope  and  Reynolds  number  based 
on  free  stream  conditions. 

3.  Compute  plateau  pressure  from  equationsSS  and  3^- 

4.  Compute  pseudo  plume  maximum  diameter  from  equations  15  to  I8. 

5.  Compute  iipstream  interaction  length  from  equation  26  for  a  3 
dimensional  configuration  or  equation  27  for  ^  2  dimensional  con¬ 
figuration  and  interaction  point  from  nozzle  location. 

6.  Compute  up  stream  Interaction  length  from  equation  30* 

7.  Conpute  new  local  pressure  and  Reynolds  number  for  interaction  point. 

8.  Conpute  new  plateau  pressure  as  in  step  3* 
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9.  Correct  plateau  pressure  by  equation  35  if  free  interaction  length 
is  longer  than  up  stream  interaction  length. 

10.  Repeat  steps  4-9  as  necessau^  to  converge. 

11.  Predict  spanwise  distribution  using  Figure  I32 
(C)  4.4.2  LEEWARD  SURFACES  OR  SURFACES  MOT  EXPOSED  TO  STREAM. 


1.  Leeward  surfaces  require  a  prediction  of  the  plume  size  necesseury  to 
expose  plume  from  vehicle  geometry  and  angle  of  attach. 

2.  If  plume  is  not  exposed  use  plateau  pressure  coefficient  of  exposed 
surface  as  plateau  coefficient  of  surface. 

3.  If  plume  is  e^osed  to  flow  and  assume  a  separation  point  use  zero 
local  slope  and  proceed  through  steps  3  to  10  in  Section  4.4.1. 

4.  Extent  of  separation  region  for  the  case  outlined  in  step  2  is  to 

be  determined  by  point  where  surface  pressure  is  greater  than  ambient 
pressure. 

(C)  4.4.3  METHODS  TO  MINIMIZE  PLUME  INDUCED  SEPARATION.  The  data  indicates  that 
certain  things  can  be  done  to  minimize  plume  induced  separation  and  these 
include : 

1.  use  the  largest  expansion  ratio  nozzle  feasible  for  the  design 


2.  use  a  contoured  nozzle  to  minimize  exit  angle 

3 .  mount  the  nozzl  ■  as  far  from  the  important  surface  as  possible 

4.  increase  local  bcdy  slopes  near  base  of  body 

5.  select  -oropellants  that  result  in  a  large  specific  heat  ratio. 


t 
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SECTION  5 

CONCLUSIONS  AND  RECCMffiNDATIONS 

(U)  Tests  were  conducted  at  Mach  ntindjers  of  6,  8,  and  10  on  a  representative 
lifting  bod;>’  entry  vehicle  and  a  Mach  nuniber  of  10  on  a  flat  plate  using 
heated  air  and  other  gases  to  simulate  rocket  exhaust  plumes.  Extensive 
flow  separation  resulting  from  the  plumes  was  observed  on  both  configurations 
during  the  test  program  and  the  most  powerful  parameters  which  skffected  plume 
induced  separation  included: 

1.  model  shape 

2.  angle  of  attack 

3 .  Reynolds  nvunber 

4.  nozzle  expansion  ratio 

5.  nozzle  total  pressure 

6.  nozzle  gas  temperature  and  spe^.  ,'ic  heat. 

(u)  The  least  important  parameter  was  free-stream  Mach  number.  The  flat  plate 

model  showed  much  less  flow  separation  than  the  delta  planform  at  similar  test 
conditions,  however,  serious  problems  in  control  effectiveness  were  indicated 
on  both  models  for  the  aft  taouiited  eleven. 

(U)  The  data  did  not  correlate  well  with  existiJog  semi-entpirical  correlations 
developed  for  control  stirface  induced  separation  and  plume  shape.  New 
semi -empirical  correlations  were  developed  for  predicting  plume  shape  in  a 
region  of  plume  induced  separation  and  for  predicting  the  presstire  in  and 
the  extent  of  the  separated  region.  Much  work,  however,  needs  to  be  done  on 
leeward  surface  separation  and  to  extend  and  refine  these  models  for  plume 

- shape  and-separation._  l±_is  therefore  recommended  that  any  future  study 

of  plume  induced  separation  be  primarily  ejqserimental  in  nature  and  include 
the  following  test  parameters: 

a) 

b) 

c) 

d) 

e) 

f) 
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additional  Reynolds  number  variation 
multiple  nozzle  plumes 

wide  range  of  shapes  partic^ULa^ily  upper  surface 
effects  of  nose  bluntness 
surface  temperatvire  control 
forced  boundary  layer  transition 
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Figure  1.  Delta  Planform  Configuration 
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Figure  2.  Verticai  Fin  Modification 
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Figlire  3.  Delta  Model  Lfistalled  in  Tiumel  C 
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Figure  4.  Delta  Model  Mounted  in  diverted  Position  for  Tests  In  Tunnel  C 
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Figure  5.  Rear  View  of  Delta  Model  Mounted  on  Sting 


Model  Assembly 


Figure  7.  Flat  Plate  Installed  In  Tunnel  C 
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Figure  8-  N<>zzle  Kxit  locations 
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Figure  9.  Nozzie  in  Basic  Position  on  Flat  Plate  Model 
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Figure  lli.  Base  Pressure  Instrumentation  Locations 
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Flat  Plate  Uil  Flaw  Visualization  of  the  Effeet  of  Jet  Pressure 
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figure  27. 


Kffect  or  ..ft  JVeasure  Ratio  on  Flat  Plate  Centerline  Pressure  at 
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fieure  28.  A  Comparison  of  Nozsle  Expansion  Ratio  Effects  on  Flat  Plate  Centerline 
Pressure  for  Nozzles  2  and  3  at  a  Chamber  Preps,w.r  of  1500  psi 
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figure  30.  A  Comparison  of  Nozzle  "jcit  Angl'd  Effects  on  Flat  Plate  Centerline 
Pressure  at  Zero  /Ingle  of  Attack 
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at  Pen  Angle  of  Attack 
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Figure  43.  Flat  Plate  Spatwise  Pressure  Distribution  for  P  /p  =  68663 
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Figure  44.  Flat  Plate  Spanwise  Pressure  Distribution  for 
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Figure  45. 
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Figure  h6. 


Flat  Plate  Spanwise  Distribution  for  Nozzle  a  and  "  **264 
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Figure  ^7.  Spanwise  Pressure  Distribution  for  Noitzle  2  and  P  /P  =  8628 
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Figure  49.  Plat  Plate  Gpunwise  Distribution  with  Extension  Installed. 
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Figure  50.  Effect  of  Control  Surface  Deflection  on  the  Flat  Plate 
Spanwise  Pressure  Distribution 
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Figure  5U  .  Effect  of  a  +20  Degree  Control  Deflection  on  Delta.  Planfom  Bottom 
Centerline  Pressure  at  a  Mach  Humber  of  10  and  P/p  =  0 
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Figure  'j'}.  Effect  of  Reynolds  Humber  on  the  Delta  Planform  Bottom  Centerline 

Pressure  at  a  Mach  Kuraber  of  10  and  P./P  -  0 
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Figure  59 .  Effect  of  Jet  Pressure  Ratio  on  Bottom  O'enterline  Pressure  .  on  the 
Delta  Planfonn  at  a  Mach  Number  of  10  and  2.5  Angle  of  Attack  for 
Nozzle  5 
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Figure  65.  Angle  of  Attack  Effect  on  Separation  Location  at  Mach  10 
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Figure  68.  Flow  Visualization  of  the  Effect  of  Nozzle  Expansion 
Ratio  on  Plume-Induced  Separation 
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Figure  71 ,  Effect  of  Hozzle  Size  on  Bottom  Centerline  Pressure  on  the  Delta  Planfonn 
at  a  r^'acli  number  of  10  and  Zero  Angle  of  Attack 
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Figure  71.  Oil  Flow  Visualization  of  the  Effect  of  Nozzle  Axial 
Location  on  Separation  on  the  Delta  Configuration 
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Figure  l84.  Plume  Initial  Turning  Angle  for  the  A/A^  =  2.25  Nozzles 


251 

GONFIDENTIAL 


CONFIDENTIAL 


253 

CONFIDENTIAL 


Computed  Initial  Radius  'v  incliea 

Figure  l86.  Plume  Radius  Comparison  Based  on  Jet  Pressure 
Ratioed  to  Ambient  Pressure 


MeasiuTed  Xnlti&l  itadius  ~  Inches 


CONRDENTIAL 


K.a 


Coaputed  Initial  Radius  ~  inches 


Figure  18?.  Plume  Comparisons  Using  Plateau  Pressure 

254 

CONFIDENTIAL 


Measured  Initial  Radius  'w  inches 


tl.o 


t.  *  _A  / 

^  ^ 

^  (l4VM«^)  {1  -  Sinfl^.r^ 

e 

.  1.6  r 

3 

L 

• 

«  *  •«  « 

/ 

/ 

/ 

/ 

A  9  't  * 

/ 

SYM  NOZZLK 

O  1 

X  2 

□  3 

Y  4 

+  5 

•  *  ® 

»  ee^JS 

•  o  oee  99 

*  se  •  * 

a* 

••V*' 

/ 

/  • 

/  • 

/ 

/ 

*«•  *X  X 

kse  xeeiv  e  i 

e  T 

e 

« 

« 

e  X 

o 

s  9<oir  to.oo  U.ov 


Computed  loitisl  Rsdiua  'v  indies 


Figure  l88a.  Plume  Comparison  Based  on  Modified  Model  -  Effect  of  Nozzle 
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Figure  189b.  Plume  Comparison  with  Total  Temperature  Ratio  Correction  - 
Effect  of  Mach  Number 
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Figure  I9O.  A  Comparison  of  Plume  Shapes  with  Ambient  Temperature 
Ratio  Correction 
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1^  7 

’647 

1C  .nK') 

.514 

5.  OOP 

• 

3f  4? 

If  .'tti 

.513 

O.OI’ 

H  « 

?6  1  7 

IP. 0*1 

.517 

Cc  OOP 

1=)  n 

76  1  7 

1  C  .03(1 

.515 

5. OOP 

1 

3617 

1 c . s«o 

.413 

10.05" 

10  ’ 

7711 

1  r  ,  n  «n 

.510 

O.DOO 

10  ^ 

7711 

1C. 0*0 

.517 

‘..OOO 

50  i, 

7711 

ir . 

.51? 

“.OOP 

n  5 

7411 

1 p. n*T 

.516 

c.ooo 

lot 

7411 

.514 

4.000 

10  7 

7411 

10.161) 

.517 

o.ooc 

10 

7f 1 

1C.  no 

.  ’6  7 

a.  OOP 

10  o 

7611 

ir.oo’ 

.51  7 

0  .  PPn 

?n  n 

7611 

1C. 0*0 

.500 

C  ."00 

?0  1 

7611 

IP. 1*0 

.500 

-.05" 

■>(3  9 

7611 

1  c .  1 « 0 

.510 

5.070 

70  ’ 

7611 

1 C. 0*0 

.5!)a 

1"  .  000 

?(1  It 

46  11 

ir.5«o 

.534 

.  OIP 

?0  0 

46  1  1 

10.060 

.507 

5.010 

?0  I' 

4611 

in. 101 

.507 

10.000 

?0  7 

4611 

IP.06'1 

.505 

-7.040 

->0  * 

7671 

IP .060 

.511 

-.070 

?0  o 

3671 

1 c  .o«n 

.510 

5. 07P 

71  0 

76  71 

1C . 060 

.501 

10.  ono 

71  1 

7671 

10,0«0 

.501 

-.010 

?t  ? 

7671 

10.160 

.506 

5.070 

71  ■» 

36  71 

ir.060 

.501 

in. 000 

?l  0 

7611 

10.011 

.501 

-7.000 

71  O 

7611 

1  c.ono 

.516 

7.570 

71  0 

7611 

10.010 

,50q 

7.540 

71  7 

3611 

1  n .  0 1 0 

.734 

10,010 

71  0 

3711 

10.010 

.771 

-.Oqo 

71  0 

7711 

10.010 

,73? 

5.030 

7?  0 

7711 

1C. 010 

.735 

1C. 010 

77  1 

7711 

IP. 150 

.  105 

n.ooo 

77  7 

7711 

ir.i50 

,106 

4.070 

7?  7 

7711 

10.150 

.  *06 

o.qip 

77  U 

7611 

10,150 

.  lop 

o.nno 

77  5 

76  11 

10.150 

.106 

5.070 

’7  6 

7611 

10.150 

.101 

10, 040 

77  7 

7611 

10.060 

.510 

-.010 

77  • 

7611 

'  10.060 

.511 

7.560 

73  a 

3647 

10,060 

.514 

15.040 

?7  n 

364’ 

10.010 

.513 

70.000 

70  1 

7641 

10.010 

.’31 

0.000 

71? 

7641 

10.010 

,776 

5.060 

73  7 

7641 

1C. 010 

.’71 

10.050 

231. 

7671 

10.010 

.771 

0.000 

73  0 

36  71 

10.010 

.770 

5.100 

73  6 

3671 

10.010 

.  ”1 

10.110 

?7  7 

7611 

6.060 

.657 

n.ooo 

23 

7611 

=  .’60 

.  66? 

4. pan 

?0O 

7611 

6 . 060 

.663 

10.010 

74  0 

7611 

6.060 

.  660 

14. am 

74  1 

7f  11 

6.060 

.643 

0 .000 

74  7 

76  11 

6.060 

.6’0 

5 . 130 

74  0 

7611 

5.061 

.64? 

IP. 00" 

744 

7f  1  1 

'  .070 

.630 

15.000 

74  0 

7611 

5. 060 

.6  44 

-.010 

74  6 

7f  11 

4.060 

.647 

5.000 

74  7 

7f  11 

6  .  OOO 

.  766 

,010 

UNCLASSIFIED 


p 

'i'PSI 

1 

0 

.  UC5 

a3.?ac 

.005 

93.130 

.  OOa 

93.070 

.  OOa 

97. *60 

.0  05 

93.070 

.oca 

93.090 

.ooa 

97,770 

.  UQO 

93, 73(1 

.ooa 

9’. 300 

.ooa 

93.070 

•  ooa 

97.030 

.ooa 

9’. 930 

.004 

S8.4ir 

.ooa 

97. Ilf 

.ooa 

93.600 

•  ooa 

97.330 

,000 

93.630 

.ooa 

97.10" 

.ooa 

a4,2’f 

.005 

94.040 

.ooa 

94.010 

.  ooa 

94.030 

,00a 

93.60C 

.005 

07.630 

.ooa 

93.100 

.009 

93.100 

.ooa 

93.970 

.ooa 

93.110 

.00" 

93.190 

.ooa 

93.11c 

.000 

93.630 

.004 

94.430 

.004 

95.010 

.004 

93.660 

.004 

93.070 

.015 

97.43P 

.015 

97.370 

.015 

97.390 

.015 

97.770 

.015 

97.35C 

.015 

97.770 

.00“ 

93.360 

.00“ 

a?. 170 

.ooa 

93.350 

.009 

93.4ir 

.004 

94.010 

.004 

94.710 

.004 

94.40P 

.004 

95.13C 

.004 

94.110 

.004 

94.740 

.07’ 

101. 100 

.077 

101.300 

.07? 

101, 50P 

.1?? 

107.000 

.077 

103, 300 

.077 

103.410 

.02? 

104. nc 

.07? 

103. 71P 

.073 

114.000 

.07? 

104.110 

.013 

104.530 

(H.  • 

7<-ll 

?i*  a 

11 

?5  0 

7f  11 

?*;  1 

7f  11 

•>5? 

7f  17 

?5  ^ 

.?H7 

■’5  4 

7614 

’A  ■; 

’614 

76  ^  1 

?S  ? 

7611 

■>?  * 

7611 

a 

7711 

?6  fl 

7711 

?*.  t 

4411 

? 

74.11 

?b  ■» 

?fc.fe 

7411 

76  11 

??i  6 

7611 

?6  > 

7611 

?fi4 

76  11 

a 

7611 

??  5 

7611 

??  1 

3641 

77  ? 

3641 

?7  7 

3641 

77  4 

7644 

?7  <5 

764? 

77  6 

764? 

77  7 

76  4? 

77  4 

76  ?1 

77  3 

7671 

?«  C 

7671 

?«  t 

7671 

?S  7 

7611 

7«  7 

7611 

74  4 

3111 

74'; 

3111 

7e6 

7111 

74  7 

4111 

74  4 

7111 

74  ° 

7111 

714  0 

7111 

?q  1 

3111 

79  7 

3611 

79  a 

76  11 

794 

7611 

79  4 

3611 

79  6 

7611 

79  7 

76  1 1 

79  4 

7611 

?<J  a 

7611 

■»3  3 

7611 

70  1 

76i  1 

70  7 

3611 

■»o  ■« 

7611 

40  4 

7611 

70  6 

7611 

70  6 

7611 

70  7 

7611 

70  4 

7711 

To  9 

7711 

UNCLASSIFIED 


Afn"3:x  :  Cco:.vi:,uri) 


M, 

R^jao"' 

'/tZ  Deg 

^PSI 

6.900 

.470 

4.990 

.017 

104.100 

5.90n 

.476 

4,900 

.017 

103.500 

6.900 

.776 

.010 

.013 

103. 300 

6.905 

.475 

.110 

.017 

103. oor 

6.960 

.651 

0,000 

.0?? 

10?. 500 

6.9bO 

.645 

5.110 

.0?? 

103.100 

5.9«)0 

.664 

0.000 

.02? 

100.000 

5.9-53 

,55« 

5.01s 

.0?? 

130.500 

5.960 

.665 

0.000 

.0?? 

100.600 

5.960 

.660 

5.010 

.0?? 

100.700 

5.969 

.667 

10.000 

.0?? 

100.700 

5.960 

,670 

0?0 

.02? 

100.600 

5.960 

.66? 

10.070 

.0?? 

100.700 

5.960 

.669 

.010 

.02? 

100.200 

5.969 

.674 

iO.0?O 

.072 

100.200 

5.960 

.670 

.010 

.0?? 

100.200 

5.960 

.676 

10.010 

,0?? 

100.200 

6.960 

.675 

-.010 

.0?? 

100.200 

5.960 

.673 

6.010 

.02? 

100.200 

5.960 

.674 

10.010 

.02? 

100. ?OC 

5.960 

.676 

14.990 

.02? 

100.200 

5.961 

.677 

-.010 

.02? 

100.200 

5.960 

.675 

5.000 

.0?? 

100.200 

5.960 

.676 

-.010 

.0?? 

100.300 

5.960 

.671 

5.000 

.0?? 

100.300 

5.960 

.671 

10.000 

.07? 

100.300 

5.961 

.67? 

-0.000 

.07? 

100.300 

=  .960 

.671 

10.000 

.02? 

10  0.400 

5.969 

.665 

0.000 

.02? 

100.400 

5.960 

,669 

10. 010 

.0?? 

101. ?00 

5.960 

.664 

.010 

,02? 

101.800 

5.960 

.655 

10.070 

.02? 

101.900 

5.960 

.640 

-.0?0 

.02? 

101.900 

5.960 

.66? 

10.000 

.02? 

107.000 

5.960 

.653 

-.050 

.02? 

102.000 

5.960 

.660 

-.050 

.02? 

102, ?0C 

5.960 

.65? 

0.000 

.0?? 

102.290 

5.960 

.650 

5.010 

.0?? 

102.200 

5.960 

.659 

10.000 

.02? 

102.20C 

5.960 

,660 

-.010 

.02? 

10?. 700 

5.960 

.653 

-.010 

.02? 

102.700 

6.960 

.66? 

4.950 

.02? 

107. ?80 

5.960 

.655 

-.010 

.027 

107. ?00 

5,960 

,659 

-.010 

.02? 

107.200 

6,040 

?.4«0 

-.040 

,079 

101.300 

6,040 

7.740 

-.040 

.076 

101.800 

7.900 

.577 

0,000 

.01? 

50.790 

7.9Q0 

.540 

5.010 

.01? 

89.570 

7.900 

.556 

10.000 

.012 

88.640 

7.900 

.564 

15,000 

.01? 

17,850 

7.900 

.563 

0.000 

.01? 

88.360 

7.960 

.563 

5.010 

.01? 

88.410 

7.900 

.567 

9.990 

.01? 

88.410 

7.900 

.564 

15.000 

.017 

88,490 

7.900 

.56? 

0,000 

.012 

88.540 

7.900 

.56? 

5.0?0 

.01? 

81,560 

7,900 

.  567 

10.010 

.01? 

88.660 

7.900 

.563 

15.000 

.01? 

88.560 

7.900 

.567 

-0.000 

.012 

88.560 

7.900 

.561 

-.010 

.01? 

88.560 

7.903 

.563 

.0?0 

.01? 

88.640 

7.9Q0 

.563 

9.95# 

.01? 

88.640 

:96 


UNCLASSIFIED 


UNCLASSIFIED 

AFmiDIX  :  (couti:.u-d) 


Run 

Conf 

Code 

K. 

a 

Deg 

^PSl 

■*1  0 

7411 

2,500 

.561 

.010 

.012 

88.560 

7411 

7.500 

.563 

10.010 

.812 

88,450 

7611 

2.500 

.56? 

.010 

.012 

88.340 

7611 

7.500 

.561 

10.875 

.012 

88.450 

7111 

7.500 

.555 

-.010 

.012 

*8.710 

’111 

7.503 

.562 

5.000 

.01? 

98.710 

ne 

76  11 

7.500 

.555 

o.Doe 

.012 

88.580 

M? 

7f  17 

7.500 

.562 

5,510 

.012 

98.380 

yi  1 

76  11 

7.500 

.566 

C.noo 

.012 

88.150 

?10 

7611 

7.500 

.563 

5.030 

.01? 

88.170 

•»?o 

7641 

7.500 

.566 

-.010 

.012 

88.070 

7641 

7.500 

.568 

5.020 

.012 

87.570 

7641 

7.500 

.565 

5.550 

.91? 

87. 570 

■»?  1 

764’ 

7.500 

.566 

-.050 

.012 

97.570 

'<2U 

764’ 

7.500 

.568 

10.010 

.01? 

87.550 

764’ 

7.500 

.568 

.010 

.01? 

88.170 

764’ 

7.500 

.564 

10.000 

.01? 

88.750 

•*?7 

7621 

7.550 

.564 

-.010 

.012 

88.570 

•»2  7 

7621 

7.500 

.563 

10.030 

.01? 

88.560 

72  o 

76’! 

7.500 

.563 

-.030 

.01? 

88.460 

»7  0 

7671 

7.500 

.563 

10.010 

.012 

88.410 

71  t 

7111 

7.500 

.568 

-.010 

.01? 

88,340 

712 

3111 

7.500 

.561 

-.  010 

.01? 

88.270 

7?  7 

7111 

7.  100 

.555 

’.520 

.01? 

88.340 

73  4 

7111 

7.500 

.561 

5.010 

.01? 

98.340 

7,15 

’1  !  1 

7.500 

.565 

5.020 

.012 

88.740 

’16 

7111 

7.500 

.561 

.010 

.01? 

88.270 

717 

7111 

7.500 

.563 

2.520 

.012 

88.270 

73  » 

3111 

7.500 

.561 

2,520 

.012 

88,270 

77  5 

7111 

7.500 

.565 

0,000 

.01? 

88.270 

■14  0 

7611 

7. *40 

.’55 

-.030 

.005 

86.960 

741 

1611 

7.540 

.’62 

5.020 

.005 

85.620 

742 

3511 

7.840 

.274 

,010 

.005 

87.440 

747 

7611 

7.840 

.277 

5.020 

.005 

82.670 

744 

7611 

7.840 

.280 

0.000 

.005 

82.500 

7fc5 

7611 

7.840 

.277 

5.020 

.005 

83.180 

74  6 

7611 

7.500 

.574 

-.030 

.01? 

88.530 

747 

7611 

7,500 

.567 

5.020 

.912 

85^250 

74  • 

76  11 

7.500 

.555 

10.070 

.01? 

88.880 

•»!,  a 

7611 

7.500 

.558 

15.030 

.01? 

87,8?C 

75  0 

7611 

7,500 

.565 

.020 

.01? 

87.050 

751 

7611 

7.500 

.575 

0.550 

.012 

87,250 

752 

’611 

7.500 

.565 

.010 

.01? 

87.650 

75  7 

7611 

7.500 

.565 

10,020 

.01? 

87.700 

754 

16  1 1 

7.550 

2.156 

-.010 

.054 

54,620 

75  6 

7611 

7.550 

7.418 

5.550 

.054 

54.670 

756 

7611 

7.550 

2.181 

.010 

.054 

55,030 

757 

7611 

7.  5’0 

2.413 

10.030 

.054 

54.330 

75  8 

761  1 

7.550 

7.410 

.010 

.054 

54.660 

750 

76  11 

7.550 

2.152 

5.020 

.054 

55.1’0 

75  0 

76  11 

7.550 

7.374 

10.030 

.054 

54. 250 

?97 

UNCLASSIFIED 


UNCLASSIFIED 


APptiia)ix  II 

FLAT  PLATi;  /VND  BOTT»i  CENTERLINE  DATA 

The  interaction  ien^jths  as  well  as  the  plateau  pressure  and  separation 
press'ore  oi.  the  flat  plate  and  on  bottom  centerline  of  the  delta  model  are 
pi-esented  in  this  table.  The  up-stream  interaction  length  { d,  )  is  measured 
forw.ard  of  the  plane  of  the  nozzle  exit  and  is  non-dimensionaiized  by  the 
reference  length  (L)  which  is  20  inches.  Free  interaction  length  (dj^,)  is 
non-dimuusioiialiaed  by  the  same  length.  Plateau  pressui'e  and  separation 
pressure  are  presented  as  ratios  to  the  tunnel  ambient  pressure.  Runs  for 
which  interaction  length  is  zero  indicate  that  values  were  not  read, not  that 
the  iefigvh  is  zero. 
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UNCLASSIFIED 


UNCLASSIFIED 


Huf.  Coie  ^Oi 


1 

1111 

8.000 

1111 

0.090 

» 

lilt 

0.000 

u 

tttt 

30.100 

S 

1111 

30,110 

b 

nil 

30.310 

7 

1111 

70.  ’•10 

« 

nil 

O.OOO 

5 

1!  It 

0.  oco 

1  0 

tttt 

o.rao 

1  1 

till 

32.640 

1? 

9 

0.000 

1? 

lilt 

119. 590 

'  4 

im 

1 27.400 

15 

1611 

30.750 

16 

1611 

8.  000 

1  7 

1611 

0.003 

tMl  O.OflO 

***  0.300 

■’3  Ifll  0.000 

im  0.300 

161J  ?^J.000 

161!  ?qi.000 

?<*  1611  pqo.poo 

’5  1611  ?07.4fl0 

’«>  1611  ?«7.6QQ 

’7  1611  ?66.508 

?»  1611  11*2.700 

1611  H.6.500 

'6  1611  14*5. «*00 

’1  1611  165.000 

1611  143,500 


33 

1611 

163.600 

34 

1611 

22.550 

35 

16  11 

23,020 

J6 

1611 

22,830 

37 

1611 

22.870 

79 

1611 

75.540 

35 

1611 

36.550 

60 

1611 

36.280 

61 

1611 

36.760 

4? 

1611 

36.450 

43 

1611 

70.710 

-.4 

1611 

575.100 

45 

16  11 

1167.000 

46 

16  1 1 

1517.000 

47 

1611 

264,700 

4* 

16  11 

265.500 

45 

1611 

68.860 

SO 

16  1! 

66.550 

51 

121 1 

655.000 

52 

1711 

498.800 

53 

1211 

1002.000 

S4 

1211 

558.100 

’5  l?ll  1513.000 
1211  1513.000 

57  1311  1^^1,055 

5*  1311  133j,ooo 

55  1711  15?7.e00 

60  1311  1535.099 

61  1611  658.000 


y. 

c.ooo 

0.000 

0.000 

1167.000 

1.608 

1163.009 

1.490 

1177.000 

1.600 

1250.000 

1.400 

C.OOO 

0.003 

0.000 

566.000 

1.400 

0.000 

io2c.oao 

1.600 

570.000 

1.60Q 

1114.000 

1.400 

c.ooo 

0.000 

0.000 

c.ooo 

0.000 

0.000 

963.000 

1.630 

956.000 

1.600 

516.000 

1.600 

546.000 

1.630 

555.000 

1,630 

577.001 

1.600 

564.000 

1.600 

536.000 

1.600 

537,900 

1.600 

'325.000 

1.600 

521.000 

1.600 

915.000 

1.600 

566.000 

1.600 

5?«. OOO 

1.600 

531,000 

1.600 

535.000 

1.600 

574.000 

1.600 

1005.900  1.630 

598.800  1.690 

558.800  1.600 

1071,000  1.600 

548.000  1.400 

555.000  1.400 

965.000  1.600 

958.000  1.600 

956,000  1.600 

1023.009  1,600 

596.000  1.600 

570.000  1.600 

911.900  1,600 

897.000  1,600 

997,000  1.600 

99?, 000  1.600 

903,000  1*600 

751.000  1.600 

779,000  1.600 

977,000  1.600 

917,000  1.600 

957,000  1.600 

951. OOr  1.600 


(V'L 


.8»  0.000 

B.S09  0.030 

0. 000  0. OOO 

0.880  0.000 


.076  0.000 

.096  0,000 
.886  0,000 
•066  0.000 


.251 

.  160 

.151 

.130 

.106 

0.000 

.  D86 

O.OOO 

.616 

.200 

.516 

.100 

.176 

9.000 

*126 

0.000 

.126 

0.000 

O.OOO 

0.000 

.376 

.120 

.666 

.100 

.126 

.055 

.056 

0.000 

0.000 

0.008 

.276 

.135 

.666 

.110 

.151 

0.000 

0.  OOO 

0.800 

.251 

0.000 

.376 

.100 
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■>'-,‘5  ’tl’ 
?-j6  36  11 

?ST  3611 
?3(l  3611 

2h<»  3?ll 
Jig  ’’ll 
?M  31.11 
?S?  3411 

?(,1  ’511 

764  3511 

765  ’611 

?6fe  3611 
767  ’Ml 
76*  3611 

?6<1  ’Ml 
?7a  3611 

?T1  3641 

?7?  ’641 

?33  ’641 

774  364? 

?75  364’ 

?76  ’64? 

J77  ’44? 

?78  3621 

279  ’621 

230  3631 

231  3631 

23?  3611 

233  3611 

244  3111 

735  3111 

235  3111 

237  3111 

233  ’111 

’39  3111 

’’0  3111 

291  3111 

2‘97  ’til 
291  ’611 
704  3611 

?99  ’611 

295  3611 

297  3511 

293  3611 

299  3611 

300  3611 

301  3611 

30?  3611 

313  3611 

314  3611 

305  3611 

305  3611 

’17  36  1 1 

’10  3711 

319  3711 


0.tl« 

175.009 

175.500 

37.130 

o.ooo 

0  «  OOu 
240.200 
296.700 
613.300 
617.000 
616.600 
lOOf.COO 
1078.000 
1077,000 
1072.000 
1077.000 
1071.000 
1352.000 
1354.000 
1354.000 
1357.000 
04. 410 
•4.310 
297.100 
296.900 

297.300 
0.000 
Q.OOO 

296.500 

296.700 

297.700 

295.300 
296.500 

296.400 
735.100 

673.700 
296.900 

297.400 
’97,500 
537.200 
’72.800 
158.410 
351.700 

150.100 
1754.000 

0.000 
0.000 
o.eoo 
0.000 
0.B08 

174.100 

174.500 
174,400 
175. too 

57.650 
57.461 
57,480 
57.400 
21.800 

349.100 

607.501 
607.000 


■‘oj 

0.000 
•65.000 
874.000 
847 .000 
0.000 
e.oco 

537.000 
958.000 
1 O’l .000 
1314.300 
1041 .000 
1050.000 
1018.000 
956.000 
594.000 
872.000 
905.000 
595.000 
569.000 
864.000 
864.000 
788.000 
781.000 
799.800 
512.000 
851.000 
O.ODO 
C.OQO 
876.000 
905.080 
911.000 
935.000 
932.000 
948.000 
946.000 

loot. 000 

926.000 
931.000 
928.000 
595.000 
908.000 
578.000 
772.000 
840.000 
940.000 
0.000 
0.009 
O.OOO 
0.500 

o.eoo 

875.000 
851.000 
876.000 
896.000 
536.900 
850.000 
879.000 
8*2.090 
555.000 
975 .000 
1012.000 
1042.000 


V. 


1.490 

1.400 

1.410 


1.410 

1.400 

1.400 

1.450 

1.450 

1.430 

1.400 

1.400 

1.400 

1.450 

1.400 

1.410 

1.400 

1.400 

1.400 

1. 400 

1.400 

1.400 

1.430 

1.400 


1.400 

1.450 

1.400 

1.400 

1.400 

1.450 

1.400 

1.400 

1.400 

1.400 

1.410 

1.290 

1.290 

1.290 

1.668 

1.668 

1.400 


1.400 

1.450 

1.400 

1.400 

1.400 

1.400 

1.400 

1.400 

1.400 

1.400 

1.400 

1.400 


dl/I. 


.275 

.555 

.471 


.455 

.075 

.525 

.326 

.211 

.495 

.175 

.4  86 
.075 
.545 
.195 

.575 

.495 

.305 

.135 

.305 

.066 

.406 

.056 

0.000 


.’55 

.w76 

.455 

0.000 

.511 

.051 

.475 

,536 

.425 

.225 

.071 

.466 

.456 

,155 

.276 

.205 

.065 


.506 
.225 
.  156 
.045 
.426 
.166 
.046 
0.000 
.196 
.706 
.706 
.176 


.120 

.115 

.125 


.125 
.120 
.117 
.130 
.120 
.090 
.115 
.110 
0.003 
.125 
.120 
.155 
.150 
.150 
0.000 
.130 
.040 
.135 
0.000 
0. 000 


0,000 

0.000 

.090 

0.000 

.110 

0.000 

.100 

.125 

.090 

.100 

0.000 

.170 

.090 

0.000 

.060 

0.000 

0.000 


.160 

.135 

.055 

0.000 

.110 

0.000 

0.000 

0.000 

.110 

.215 

.240 

.095 


2.250 

2.506 

1.60C 


1.608 

e.oec 

1.708 

2,306 

S.65B 

1.700 

3.500 
1.668 
0.008 

1.850 
3.706 
2.000 

2.500 

3.850 
0.080 
1.400 
1.800 
1.450 
0.000 
0.000 


1.500 

1.400 

1.600 

O.OOt 

1.680 

0.000 

1.550 

1.850 

t.55C 

2.050 

0.000 

2.100 

r.loo 

2.600 

0.090 

0.000 

0.000 


2.350 

2.900 

0.000 

0.000 

2.000 

O.OOO 

0.000 

0.000 

1.600 

2.700 

2.700 

0.000 


1.700 

1.300 

1.300 


1.258 

2.500 
1.400 

1.700 
2.980 
1.400 
2.900 
1.350 

2.700 

1.500 
2.900 
1.400 
2.300 
2.950 

4.600 

1.000 

1.600 
1.100 
1.700 
0.000 


1.100 
1,000 
1.208 
0.  000 
1.200 
0.000 
1.300 
1.500 

1.300 
1.650 
2.750 
1.900 
1.700 

2.300 
1.400 
1.200 
1.000 


1.900 

2.300 

4.000 

7.000 

1.500 

2.200 

4.000 

0.000 

1.100 

1.900 

1.900 

4.200 
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ecT.r 

^0. 

>, 

Ol/l- 

V'l. 

Riw 

Code 

“J 

HO 

341  1 

604.200 

1031.000 

1.490 

.006 

.260 

2.700 

1.900 

?ll 

3411 

604.600 

10’9.000 

1.400 

.066 

0.000 

0.000 

4.100 

’1? 

3511 

69?. 100 

1032.000 

l.iiOQ 

.906 

.260 

3.700 

1.900 

St  3 

3511 

696.400 

1050.000 

1.400 

.196 

.145 

0.000 

4.150 

St<» 

3111 

173. <300 

903.000 

1.430 

.486 

.158 

?  .  ISC 

1. 700 

31? 

3111 

174. 09» 

914.000 

1.400 

.161 

0.000 

0.000 

2.200 

31? 

3613 

0.000 

0.003 

St  f 

’613 

s.oso 

0.003 

3*  13 

173.408 

996.000 

1.400 

.586 

.100 

0.00c 

1 . 80  Q 

3to 

361’ 

17’. 600 

910.090 

1.400 

0.0  00 

0.00c 

0.000 

0.000 

3’5 

3641 

174.400 

891.000 

1.400 

.426 

0.000 

2.  200 

1.500 

3?1 

3641 

174.300 

898.990 

1.400 

.106 

0.000 

S.800 

2.208 

3’? 

3641 

174.300 

904.000 

1.400 

.  106 

9.000 

0. 000 

4.000 

3’3 

364? 

0.000 

0.000 

3*4 

’64? 

0.000 

0.000 

3?S 

3642 

173.000 

679.000 

1.400 

.426 

.110 

2.100 

1.708 

3’? 

364? 

174.000 

696.000 

1.400 

.0  36 

0.000 

0.000 

i  ,  '’96 

3>7 

36  21 

174.200 

886.030 

1.400 

.566 

.135 

2.400 

1.800 

3»i 

3671 

174.000 

90c. 000 

1.400 

0.000 

0.000 

0,090 

0.000 

■»•*? 

36  31 

173.600 

890.000 

1.400 

.576 

.140 

2.350 

1.900 

3’0 

’631 

174.000 

900. 000 

1.400 

.031 

0.000 

9.000 

0.000 

331 

3111 

’36.000 

896.990 

1.290 

.736 

.190 

2.990 

1.900 

33? 

’111 

167.600 

691.000 

1.290 

.506 

.  190 

2.500 

1.900 

3’3 

’111 

166. 609 

660.000 

1.290 

.356 

.130 

2.600 

1.900 

334 

31 11 

168.600 

680.000 

1.290 

.196 

.  130 

0.000 

2.400 

335 

31  11 

332.000 

696.000 

1.740 

.  316 

.155 

3.400 

2.600 

33? 

31 11 

169.300 

863.000 

1.666 

.356 

.152 

2.000 

1.400 

337 

3111 

168.600 

859.000 

1.666 

,206 

0.000 

0.000 

1.700 

3*« 

3111 

0.090 

0.000 

33CI 

3111 

348.000 

861.000 

1.400 

.566 

.125 

2.400 

1.700 

340 

1611 

0.000 

0.000 

341 

3611 

0.000 

C.OOO 

342 

3611 

79.610 

796.000 

1.400 

.556 

.130 

2,99C 

2.000 

343 

’611 

79.929 

821.000 

1.400 

.’76 

,155 

3.  000 

2 . 30  0 

344 

3611 

40.310 

806.000 

1.400 

.476 

.135 

O.OOO 

2.100 

34? 

3611 

40.110 

796.000 

1.400 

.166 

.120 

2.900 

2.200 

346 

3611 

700.600 

962.000 

1.400 

.646 

.190 

3.10c 

1.900 

34.7 

3611 

699.700 

998.000 

1.400 

.4?6 

.150 

3.550 

2.700 

34A 

36  ll 

699.400 

913,000 

1.400 

.246 

0.000 

5.900 

2. 150 

34? 

3611 

701.300 

065.000 

1.400 

.146 

0.000 

0.000 

7.200 

3Sfl 

3611 

347.300 

854.008 

1.400 

.726 

.220 

2.700 

1.900 

3S1 

’611 

’90.600 

694.000 

1.400 

.176 

0.000 

0.000 

4.100 

3?? 

36  11 

194.900 

848.300 

1.400 

.506 

.140 

2.350 

1.900 

3?3 

3611 

155.600 

649.000 

1.403 

.126 

0.000 

0.000 

4.100 

3S» 

3611 

0.000 

C.OOO 

3?? 

3611 

0.000 

0.003 

3?  6 

’611 

63<».2flo 

972.000 

1.400 

.276 

0.000 

O.OOO 

1.100 

3';7 

’611 

639.300 

971.li<10 

1.400 

0.000 

0.000 

0.  000 

C  .  BOO 

3?  3 

36  11 

418.000 

999.000 

1.400 

.  176 

0.000 

0.000 

1.150 

3?3 

’Ml 

417. "00 

990.809 

1.400 

.0  76 

0.000 

8.000 

2.100 

3?0 

’6  1 1 

418.700 

1005.909 

1.400 

0.000 

0.000 

0.000 

0.000 

iO'* 
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AFPEIJDIX  III 
UPPER  SURFACE  DATA 


The  data  presented 

in  this  table  is 

similar  to  that  of  Appendix  B  with  the 

exception  that  thl 

s  table  pi'esents  ' 

delta  configuration 

data  measured  along 

the  45° 
nose  is 

off -top  centerline  ray,  and  the  interaction  point  measured  from  the 
presented  rather  than  interaction  length. 

Interaction  „ 

Ruit 

Deg 

Point  (X/L) 

■^?LAT/P« 

SEP/F«, 

104 

0 

.645 

8.0 

6.8 

105 

0 

.7 

4 

106 

5 

.635 

4 

3.45 

107 

10 

.60 

2.85 

2.4 

108 

15 

.575 

2.0 

1-5 

109 

20 

.63 

1.6 

1.2 

111 

0 

.63 

5.9 

4.3 

112 

5 

.395 

5.7 

3.0 

113 

10 

.20 

3.8 

2.4 

114 

a5 

.17 

2.9 

1.7 

115 

20 

.08 

3.0 

2.45 

116 

0 

.63 

6.65 

4.65 

117 

r 

.29 

6,0 

3.0 

118 

10 

.16 

4.2 

2.05 

119 

15 

.07 

3.5 

2.8 

120 

20 

.03 

5-4 

5.3 

121 

0 

.695 

2.8 

1.9 

122 

2.5 

.7 

2.9 

2.2 

123 

5 

.7 

2.8 

2.4 

124 

10 

.635 

2.15 

1.45 

127 

2.5 

.70 

2.3 

1.8 

131 

0 

.69 

3.3 

2.2 

132 

2.5 

.70 

2.3 

1.8 

133 

5.0 

.635 

3.3 

2.5 

134 

10 

.635 

2.45 

1.85 

135 

15 

.60 

1.8 

1.4 

145 

0 

.7 

4.45 

4.1 

148 

0 

.7 

3-8 

3.3 

151 

0 

.7 

5.1 

4.7 

156 

0 

.7 

4.0 

..4 

159 

0 

.71 

4.3 

3.1 

163 

0 

.69 

2.6 

2.2 

165 

2.5 

.7 

3.3 

2.9 

166 

0 

.69 

3.4 

1.95 

167 

2.5 

.76 

— 

2.2 

172 

0 

.63 

5.2 

4.3 

178 

0 

.7 

4.4 

3.9 
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reaction 


a  ~Dc2 

^Plat/P. 

p 

EEP 

i?-' 

0 

.71 

3.0 

2.2 

0 

•71 

1.9 

1.7 

5 

.645 

1.7 

1.45 

21+3 

10 

.635 

1.35 

1.1 

2U 

15 

.595 

1.15 

1.0 

'it.  c 

r> 

w 

•71 

1.65 

1.3 

21+6 

5 

.645 

1.5 

1.35 

250 

0 

.70 

2.0 

1.8 

256 

0 

.63 

2.0 

2.0 

257 

5 

.645 

1.5 

1.7 

258 

10 

.635 

1.5 

1-3 

265 

0 

.63 

2.5 

2.0 

266 

5 

.60 

2.2 

2.0 

267 

10 

.635 

1.7 

1.5 

268 

15 

.50 

1.4 

1.0 

269 

0 

•71 

1.45 

1.1 

298 

0 

.72 

2.4 

2.0 

299 

5 

.65 

2.4 

2.0 

300 

10 

.66 

1.8 

1.6 

301 

15 

.67 

1.4 

1.2 

302 

0 

.72 

2.2 

1.6 

303 

5 

.65 

2.3 

2.1 

301+ 

10 

.66 

1.6 

1-3 

305 

15 

■67 

1.25 

1.0 

307 

0 

.64 

3.0 

2.8 

31+2 

0 

•70 

2.8 

2.5 

3.46 

0 

.64 

3.4 

2.8 

347 

5 

.46 

3-35 

1.6 

348 

10 

.20 

2.4 

1.65 

349 

15 

.24 

1.9 

1.2 

350 

0 

.645 

3.0 

2.8 

351 

10 

.66 

2.0 

1.8 

352 

0 

.67 

2.4 

2.1 

356 

0 

.84 

— 

1.6 

358 

0 

.84 

— 

1.2 
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.‘\FP!il'£DIX  IV 
PLUME  DATA 

This  appendix  presents  part  of  the  data  measured  from  the  Schlieren 
photographs  of  the  plume  and  separated  regioii.  The  Reattachment  poildt 
measurements  are  measured  from  an  origin  at  the  trailing  edge  of  the 
lower  surface  eleven  (X  =  21.69  inches,  Y  =  0  inches)  as  shown  in  the 
text  in  Figure  l6li. 


< 


* 


Initial 


Reattachment 


Initial  Turning  Flow  Point  Sepeuration 

Radius  Angle  ~  Separation  X  Y  Length 


Inches 


Angle 


Inches  Inches 


Inches 


13 

3  *84 

76 

lU 

3.64 

78 

22 

6.0 

82 

28 

5.0 

80 

34 

5.0 

77 

1+3 

4.55 

80 

1+4 

4.09 

87 

45 

7.45 

87 

46 

4.55 

90 

47 

2.5 

85 

49 

5.0 

86 

51 

2.5 

86 

54 

4.55 

86 

55 

4.55 

87 

57 

4.09 

70 

60 

3.18 

75 

61 

2.95 

80 

64 

2.73 

82 

67 

3-64 

87 

69 

3.64 

86 

72 

6.00 

.86 

73 

4.55 

83 

75 

3.64 

83 

77 

6.0 

82 

81 

7.45 

85 

82 

2.05 

83.5 

.44 

.44 

- 

.36 

.44 

- 

.37 

.75 

- 

.48 

.62 

- 

.55 

■  -59 

- 

.44 

.53 

- 

.44 

1.07 

- 

.53 

1.6 

- 

.53 

1.78 

- 

.36 

.53 

- 

.36 

•73 

- 

.50 

.80 

- 

.53 

.98 

- 

.53 

1.25 

- 

.50 

■57 

- 

.39 

•53 

- 

.53 

.71 

- 

.62 

.89 

- 

.44 

.80 

- 

.44 

•  71 

- 

.36 

.89 

- 

1.07 

.98 

- 

1.42 

.62 

- 

1.33 

.98 

- 

.41 

1.33 

- 

•  53 

,80 

- 
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r.L  Reattav'fiaont 


RdXi 

Initial 

~  Tnohej 

I'.irniflt’; 

■arvtie  -v. 

De>]:. 

flow 

separation 
Anale . 

Fcittt 

X 

Incbes 

Y 

Inches 

Reparation 

Length 

Inches 

Si 

3*xo 

90 

.53 

1.15 

• 

35 

3.18 

66.5 

- 

.98 

.71 

- 

105 

4.55 

77 

5.91 

.76 

1.45 

7.99 

lU 

6.00 

86 

7.60 

1.09 

2.73 

i4.5 

116 

7.45 

83 

8.69 

1.27 

3.27 

17.45 

121 

3.18 

85 

6.27 

1.27 

1.09 

7.27 

126 

4.09 

81 

6.13 

.73 

•73 

12. 

131 

4.55 

80 

6.84 

3.05 

1,45 

8.4 

145 

4.09 

79 

6.06 

.91 

1.82 

11.27 

151 

5.00 

82 

6. 66 

•91 

2.0  . 

15.4 

153 

4.55 

79 

7.40 

1.45 

1.09 

- 

156 

7.45 

77 

7.87 

1.63 

1.82 

15.3 

161 

4.54 

81 

7.13 

1.33 

1.87 

- 

163 

5.0 

71 

- 

- 

.  - 

- 

1S6 

7.45 

60 

- 

- 

- 

- 

16S 

10.36 

62 

- 

- 

- 

- 

1'59 

4.03 

82 

6.28 

1.07 

1.51  , 

14.3 

172 

6.0 

80 

7.37 

1.07 

2.49 

15.1 

178 

4.54 

82 

6.37 

1.09 

1.82 

15.6 

179 

4.09 

78.5 

6.34 

1.42 

1.57 

12.6 

195 

4.09 

83 

6.63 

1.45 

2.0 

14.5 

199 

5.0 

83 

7.61 

1.08 

1.91 

15.6 

204 

6.0 

75 

7.44 

1.42 

1.91 

15.3 

211 

4.09 

88 

6.55 

2.42 

1.91 

17.8 

218 

4.54 

83 

5.02 

1,65 

1.25 

- 

221 

4.09 

82 

6.26 

1.31 

1.74 

14.4 

224 

4.09 

77 

6.55 

1.13 

1.57 

- 

227 

4.55 

85 

7.19 

1.09 

2.18 

12.4 

231 

5.0 

81 

- 

- 

- 

- 

234 

6.0 

76 

9.2 

2.52 

2.44 

- 

241 

4.54 

82 

7.74 

.98 

1.51 

13.2 

245 

3.41 

80 

7.24 

.89 
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